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PETROLOGY AND SILICATE TECHNOLOGY* 


By Norman L. Bowen 


ABSTRACT 


Petrology is concerned with the rocks and mineral deposits of the earth's crust. Like 
all naturai sciences, it developed through a desc:iptive stage in which the principal 
emphasis was placed on the collection and correlation of facts. Interpretation recently 
has been increasingly stressed, and it has been reaJized that to reach reliable conclusions 
regarding the origin of earth materials experim<nt is an indispensable aid. 

The petrologist, acting on this conviction, has studied the behavior of various earth 
materials subjected in the laboratory to a wide range of temperatures, pressures, and 
chemical envirenment. He has thus been enabled to reach certain conclusions regarding 
the conditions to which these materials were subjected during the natural processes 
by which they were formed. Inevitably he discovered a great many facts of service to 
the mineral technologist. 

Some of the industrial processes developed by the mineral technologist have in return 
served to supplement the laboratory experiments of the petrologist. Some aspects of 


this mutual service of mineral technology and petrology are discussed. 


|. Introduction 
(1) General 


Petrology is the science of rocks. It is concerned 
with their description, their classification, and the prob- 
lems of their origin. These aspects of the science are 
not independent of each other but are inextricably inter- 
woven, and, as a result of his efforts, the petrologist has 
classified rocks in terms of their origin into the igneous 
rocks, the sedimentary rocks, and the metamorphic 
rocks. I shall not burden you with definitions; these 
names are sufficiently suggestive of the origin of each 
class to render that unnecessary. The igneous rocks 
are the original primary rocks and the ultimate source 
of all terrestrial matter, living or dead. In their volcanic 
manifestations, or surface outpourings, they present 
perhaps the most impressive and awe-inspiring spec- 
tacle that man ever views. The varieties formed under 
deep-seated conditions are even more impressive when 
one makes their close acquaintance and realizes the 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 19, 
1942 (Edward Orton, Jr., Fellow Lecture). Received 
April 26, 1943. 


magnitude of the forces involved, the scale of opera- 
tions, and the scope of their influence in the terrestrial 
economy. 


(2) Igneous Rocks in the Service of Man 


Interesting, provocative, and thoroughly fundamen- 
tal as they are in their natural relations, the igneous 
rocks, as such, do not loom large in the service of man. 
They have their uses, but from our present viewpoint 
these cannot be regarded as of great interest. Piled 
block on block, an igneous rock may serve to support a 
roof over our heads; crushed and strewn, it may serve to 
keep us out of the mire; or, hewn into a shaft, it may 
stand silent sentinel over our last sleep. Closer to our 
interests is the fact that basalt and related rocks have 
been fused and molded into electrical insulators or blown 
into rock wool, as, in mixed mythologies, Pluto does in 
blowing Pélé’s hair. Nepheline syenite, added to a 
glass batch, furnishes alumina in a readily assimilable 
form, but in general as raw materials for the manufac- 
ture of new and useful products or even as incidental 
aids in _ ocesses of that kind, the igneous rocks fall 
well below the other classes of rocks. This is largely 
due to the fact that the igneous types are usually a com- 
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plex mixture of minerals. The mineral technologist, to 
be sure, often treats complex mixtures, but the nature 
and proportion of the ingredients must be closely con- 
trolled, and he must compound his mixtures ordinarily 
from individual raw materials of simpie composition and 
rather high purity. 


(3) Other Rocks the Principal Raw Materials 

It so happens that the igneous rocks, when exposed 
at the surface to the action of the elements, undergo 
processes strictly analogous to laboratory or plant 
operations described under such terms as lixiviation, 
decantation, precipitation, evaporation, or elutriation. 
The natural reagents are not very potent, and the opera- 
tions are rather inefficient if measured by such human 
standards as output per day, but Nature has plenty of 
time at her disposal and the results are at times re- 
markable. Great beds of silica and others of calcium 
carbonate and of rock salt are produced. Beds and re- 
sidual deposits of hydrated aluminum silicate, hydrated 
alumina itself, hydrated iron oxide, and many other 
types of material are developed. Some of them are of 
surprising purity in view of the rather casual character 
of the natural process of concentration. These products 
of secondary action upon the primary minerals of the 
igneous rocks are the principal materials used by the 
technologist, often directly as such or with only moder- 
ate beneficiation. They, together with certain vein- 
stuffs formed by processes which cannot be discussed 
here, thus constitute the raw materials of mineral tech- 
nology. The igneous rocks themselves would, for most 
purposes, require preliminary treatment of prohibitive 
scope. 


(4) Igneous Petrology of Major Significance to 
echnical Operations 

It may be supposed from what has been said that I 
am going to emphasize those aspects of petrology which 
treat the natural processes whereby these useful min- 
eral deposits are formed. On the contrary, it is not the 
bearing of petrology on technology in its raw-materials 
aspects that I propose to discuss, important though that 
is, but rather its bearing on the operational aspects. 
It is igneous petrology and especially high-temperature 
research in it that is of prime significance, particularly 


to those industrial processes in which high temperatures 


are used. 


(5) we of Experimental Research in Igneous 

Petrology 

It is perhaps not remarkable and there is certainly no 
element of novelty in the observation that such complex 
mixtures as the igneous rocks are commonly of little 
value to the mineral technologist, but it may come 
as a considerable surprise to many of you to learn that 
igneous rocks are scarcely more serviceable to the petrolo- 
gist in experimental research designed to throw light 
on the origin of these very igneous rocks. I shall not go 
so far as to say that thermal experimentation on igne- 
ous rocks themselves has had no value. There was a 
time when the true character of the rocks we now know 
to be igneous had not been recognized and an influential 


school of thought contended, with all the eloquence at 
its command, that these rocks were deposited as chemi- 
cal precipitates from a once-universal ocean. Despite 
abundant field evidence to the contrary, this heresy was 
not entirely eradicated until experiments were performed 
by Hall in 1790, in which igneous rocks were melted 
and, on cooling, were found to recrystallize to a mineral 
aggregate having essentially the same constituents as 
the original. Nor have significant studies of that kind 
been confined to the infan~y of the science, for only re- 
cently the lingering fallacy that granite has a higher 
melting temperature than basalt received its coup de 
grace in direct determination on the rocks themselves 
with modern methods of procedure.' 


TABLE I 
AVERAGE OxipeE COMPOSITION oF IGNEOUS Rocks 

Silica (SiO) 59.12 Potassa (K,O) 3.13 
Alumina (A1,0,) 15.34. Water (H,O) 1.15 
Ferric oxide (Fe.0;) 3.08 Titania (TiO,) 1.05 
Ferrous oxide(FeO) 3.80 Phosphoric oxide 
Magnesia (MgO) 3.49 0.30 
Lime (CaO) 5.08 Manganous oxide 
Soda (Na-,O) 3.84 (MnO) 0.12 

All others 0.50 


For a systematic study of the factors controlling the 
development of the igneous rocks in all their variety, it 
has nevertheless been found necessary to adopt a differ- 
ent course. The reasons for its adoption may be clari- 
fied by the data in Table I, which gives the average 
composition of igneous rocks. These data show that 
ten oxides occur in this average in amounts greater than 
1% and therefore must be regarded as :mportant con- 
stituents. Even if he neglects the minor constituents 
entirely by making up synthetic mixtures containing 
only these ten constituents, the petrologist who would 
investigate the behavior of this somewhat simplified 
average igneous rock immediately plunges into a prob- 
lem involving nine composition variables. He has no 
means of estimating the contribution of each of these 
variables to the net result. The number of variables 
must be reduced before adequate interpretation can be 
made; in other words, he must begin with simpler mix- 
tures, preferably the simplest of all, the individual 
oxides. In the language of the phase rule, he begins 
with studies of one-component (unary) systems in 
which no composition variable is involved and where 
the only variables are the temperature and pressure 
which he imposes. Waen he has solved the problems of 
one-component systems he proceeds to mix the oxides, 
two and two, and studies the resulting two-component 
(binary) systems. He then passes to systems having a 
greater number of components, and, by such procedure, 
the contribution of each individual component to the 
behavior of the mixture is revealed. The simpler sys- 
tems depart drastically from igneous-rock compositions, 
but this does not mean that any of them, even the unary, 


1J. W. Greig, E. S. Shepherd, and H. E. Merwin, 
“Annual Report of Director of the Geophysical Labora- 
tory,” Carnegie Inst. of Washington Yearbook, No. 30, P. 
75 (1931). 
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fails to give information of petrogenic significance. 
Some of the compositions inevitably correspond with 
materials of industrial significance or closely approach 
them, and, by virtue of the systematic procedure fol- 
lowed, the petrologist may make a contribution of 
fundamental importance to the techhologist. The 
petrologist, on occasion, finds ready for incorporation 
in his own results data gained by the technologist or, at 
his instigation, by the physicist or chemist. 

A great body of data has accumulated through the 
years. It would be idle to attempt to review it here, 
but I shall select certain systems which sustain the gen- 
eral thesis already outlined and shall discuss briefly their 
petrologic and technologic significance. 


; ll. One-Component Systems 
(1) General 


If we turn again to Table I, giving the oxide compo- 
sitions of the average igneous rock, we note that the 
most important rock-forming oxides are also the com- 
mon refractory oxides. Silica, alumina, magnesia, and 
lime are the outstanding examples. On account of their 
technologic importance, thermal data on these oxides 
were already available before systematic petrologic in- 
vestigation was begun. The petrologist was able to 
borrow from the technologist, but he was also able in 
some instances to make significant additions to existing 
knowledge. 


(2) Principal One-Component System 

The supplementing of existing knowledge of technical 
material through petrologic high-temperature research 
was notable in the case of SiO,., the most important 
rock-forming oxide. It was known that SiO, occurs in 
nature in three principal crystalline forms, namely, 
quartz, tridymite, and cristobalite. These three forms 
were also recognized in ceramic materials by some in- 
vestigators. The existence of an inversion in quartz was 
well established, but there was much difference of opin- 
ion on the other forms of silica, especially as to their in- 
terrelations. This was the situation, somewhat inade- 
quately stated, when Fenner*® undertook his classic in- 
vestigation of silica more than thirty years ago. A 
complete and final answer was given by him to the ques- 
tions at issue. His results are expressed in Fig. 1, 
which is a schematic temperature-pressure diagram for 
the one-component system, SiO,. It shows that one 
form of quartz is stable at temperatures below 575°C. 
and the other form between 575° and 870°C.; tridy- 
mite, between 870° and 1470°C.; and cristobalite, 
between 1470°C. and the melting temperature (now 
known to be 1713°C.). Fenner found an enormous dif- 
ference in the ease with which these various transforma- 
tions proceed. The high = low inversion of quartz 
takes place promptly in passing through the inversion 
temperature in either direction, but the other inversions 
are very sluggish in both directions. Tridymite or 
cristobalite or liquid SiO, (glass), each formed in its 
stable range, may thus be cooled to room temperature 
without transformation and will persist indefinitely 


2 C. N. Fenner, “Stability Relations of Silica Minerals,”’ 
Amer. Jour. Sci., 36, 331-84 (1913). 
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though metastable. Not only may cristobalite and tridy- 
mite persist outside their stable ranges but they may 
also form under these conditions, that is, at low tempera- 
tures. The reverse situation, namely, the formation of 
quartz above its stable range, has not been observed and 
probably cannot occur. Aggregation of submicroscopic 
quartz nuclei, suggested by Trostel,* is a somewhat dif- 
ferent phenomenon. 

Both tridymite and cristobalite have high = low in- 
versions in their metastable range. Moreover, quartz, 
heated above its stable range, is only slowly transformed 
and largely to cristobalite even at temperatures where 
tridymite is the stable phase, though with long-contin- 
ued heating the cristobalite goes over very slowly into 
tridymite. All these relations were established by Fen- 
ner and immediately became common knowledge in 
ceramics. 

On this sure foundation, the ceramist built further 
for there are many additional facts that he must ascer- 
tain, such as expansion coefficients, volume changes ac- 
companying transitions, and many others. The enor- 
mous amount of information that has been garnered on 
silica is emphasized when one examines the thick (I 
shall not add, heavy) tome by your good Dean of Fel- 
lows. The petrologist borrows some of this material 


*L. J. Trostel and D. J. Wynn, 


“Determination of 


artz (Free Silica) in Refractory Clays,”’ Jour. Amer. 
‘eram. Soc., 23 [1] 18-22 (1940). 
* R. B. Sosman, Properties of Silica. Amer. Chem. Soc., 
Monograph Series, No. 37, Chemical Catal 
836 pp.; 


Co., Inc., 


New York, 1927. Ceram. Abs., 7 [7] 505-506 


(1928). 
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Fic. 1.—Schematic pressure-temperature diagram indi- 
cating stability relations of silica minerals (after Fenner*). 
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for his own purposes from the ceramist; indeed, this 
somewhat lengthy statement of what is admitted to be 
common knowledge in ceramics can be justified here 
only because it serves to recall the facts as a preliminary 
to a discussion of the extensive use the petrologist can 
make of the data even of a one-component system. 


(A) Significance of SiOz Equilibria in Petrology 

The temperature of inversion of any substance is not 
changed in the presence of other substances if these 
other substances do not enter into solid solution in it. 
The forms of silica are always practically pure SiO, so 
that the inversion points may be taken as fixed points 
(at any given pressure). In order to use these fixed 
points as reference points on a geologic thermometer, it 
is necessary to consider the laboratory findings relating 
to the metastable formation of phases. The presence of 
cristobalite or tridymite in a rock thus does not neces- 
sarily indicate that the crystallization of the phase oc- 
curred at the high temperature at which it is stable. It 
may have formed metastably at low temperatures; in- 
deed, most natural occurrences of these minerals fall in 
this category. There are some examples in which the 
high-temperature forms have developed at the expense 
of quartz formerly present. This is especially true of 
fragments of quartzose rocks that have been immersed 
in molten lavas of certain kinds. For such occurrences 
of cristobalite or tridymite, we may safely conclude that 
the original quartz was heated above its stable range, 
and we thus gain some concept of the temperature of 
the lava. 

With proper caution, then, the presence of cristo- 
balite or tridymite may be used as an indication of tem- 
perature, but caution can be thrown to the winds in 
drawing conclusions based on the presence of quartz. 
Crystallization below 870°C. (with proper pressure cor- 
rection) is always indicated. It is sometimes possible, 
moreover, to determine whether the quartz was formed 
above or below 573°C. for, although all quartz examined 
at room temperature is low quartz, there are certain char- 
acteristics that indicate whether it was formed as such 
or whether it has been high quartz. Information on the 
temperature of crystallization of SiO, in a rock may au- 
tomatically afford information on the temperature of 
crystallization of the associated minerals, and because 
SiOz, especially in the form of quartz, is of such wide- 
spread occurrence, the actual information on rock gen- 
esis afforded by this one-component system is altogether 
remarkable. 


Ill. Some Two-Component Systems 
(1) General 


The silica content of the average igneous rock is so 
high that the minerals of a rock of that composition are 
chiefly silicates. Of the various binary systems possible 
among the rock-forming oxides, those in which SiO, is 
one of the oxides are therefore the most important. 
Alumina is second in abundance, and the system Al,O;- 
SiO, can be regarded on this basis as the binary system 
most important to petrology. It is unquestionably the 
most important system from the technologic viewpoint, 
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Sid, Ay 0, 

Fic. 2.—Equilibrium diagram of the system Al,O;-SiO, 
(after Shepherd, Rankin, and Wright’). 


a situation which stems from the dominant role of the 
clay minerals in ceramics. 


(2) System Al,O;-SiO, 


Alumina and silica, individually, are refractory oxides. 
Each lowers the other’s melting temperature as is usual 
in mixtures, but the melting temperatures remain 
rather high and we are still in the realm of the refrac- 
tories. Early investigations ied to the conclusion that 
one compound was formed in this system and that it 
corresponded with the natural mineral, sillimanite, 
having the composition Al,O;-SiO., and a congru- 
ent melting point at 1810°C. The equilibrium diagram‘ 
as then determined is given in Fig. 2. 

The congruent character of the melting fell under sus- 
picion as a result of reasoning, which was a reversal of 
the usual procedure. Ordinarily certain results are ob- 
tained in experimental studies, and these results serve 
to interpret relations observed in rocks Relations 
observed in rocks in this instance suggested the prob- 
able incongruent melting of sillimanite and led to a re- 
investigation of the system. The observations referred 
to were made on shale inclusions in basic magmas (the 
same magmas that have been mentioned as convert- 
ing quartz inclusions into tridymite and cristobalite), 
which had heated the inclusions to a temperature suffi- 
cient to convert them partly or largely to liquid with 
corundum prominently represented among the crystals 
developed in equilibrium with this liquid. The com- 
position of these shales was such that there was more 
than sufficient SiO, to convert all Al,O; into sillimanite. 
These facts suggested that sillimanite must melt in- 
congruently with separation of corundum. 

A simple way of testing this possibility was to take 
some natural sillimanite of high purity and to determine 


BE. S. Shepherd, G. A. Rankin, and F. E. Wright, 
“Binary Systems of Alumina with Silica, Lime, and Mag- 
nesia” Amer. Jour. Sci., 28, 295-333 (1909); p. 302. 
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whether it formed corundum on melting. On account 
of the high temperatures involved, it was actually not 
so simple because the use of an iridium furnace was re- 
quired and temperature control was not all that could 
be desired. By a stroke of good fortune, however, in 
the first trial in this furnace, the sillimanite was ob- 
served to melt and, on cooling, the product was found to 
contain abundant well-developed crystals of corundum. 
The incongruent melting of sillimanite thus seemed 
demonstrated, and there remained apparently only the 
filling in of details. In this work, Greig joined me and, 
as it turned out, a great surprise awaited us. For, when 
we attempted to make sillimanite synthetically, we 
found it altogether impossible todo so. Ina mixture of 
the composition, Al,O;-SiO., we always obtained, in 
addition to the crystals which had hitherto Leen called 
sillimanite, a substantial amount of a very siliceous 
glass. The character of the glass pointed to an alumina- 
rich composition of the crystals. By increasing the 
proportion of Al,O; in the mixture, we were able to in- 
crease the proportion of crystals and finally obtained 
100% of crystals at the 3A1,0;-2SiO, ratio. The crystals 
thus represent a compound quite distinct from sillima- 
nite, remarkably like it in optical and crystallographic 
properties yet measurably different when the difference 
is suspected and careful observations are made. The 
equilibrium diagram® for the system Al,O;-SiO, was es- 
tablished as shown in Fig. 3. 


*N. L. Bowen and J. W. Greig, “System: Al,O;—SiO»,”’ 
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(A) Compound 3Al2O3-2SiO2 (Mullite) in Neture 


The search for crystals of this compound in shales 
that had suffered fusion in nature was rewarded by 
finding them in vitrified inclusions in dolerite from Mull, 
and the name mullite was given to the compound.’ 
These vitrified inclusions contain corundum and fur- 
nish a typical example of the relation which placed the 
supposed congruent melting of sillimanite under sus- 
picion and led to the reinvestigation of the system. The 
formation of the corundum crystals is readily accounted 
for by the extension of the field of corundum to a com- 
position with as much as 45% of SiO,. Although the 
composition Al,O;-SiO, is well within the liquidus range 
of corundum, it is not correct to say that sillimanite 
melts incongruently ; indeed, all three natura! minerals 
of that composition, andalusite and kyanite as well as 
sillimanite, become unstable at temperatures below 
that at which any liquid forms in the Al,O;-SiO, sys- 
tem. A great deal more information on the stability of 
rock minerals was therefore gained than just a decision 
on the question which had launched the investigation. 


(B) Mullite in Refractories 


Mullite had a rather cold reception in some quarters. 
A noted ceramist dubbed it “mulite,”’ and crystallog- 


[5] 410 (1924). 

7™N. L. Bowen, J. W. Greig, and E. G. Zies, ‘‘Mullite, 
a Silicate of Alumina,” Jour. Wash. Acad. Sci., 14, 183-91 
(1924); Ceram. Abs., 3 [11] 327 (1924). 
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_ Jour. Amer. Ceram. Soc.,'7 [4] 238-54 (1924); correction, 
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raphers caid that it was impossible for two different 
compound's of alumina and silica to be so nearly identi- 
cal in lattice structure. Yet mullite stands, a monu- 
ment to the impossible. Ceramists, at least, have ar- 
rived at complete acceptance because they get good re- 
sults when they act on the assumption that 3Al,0,-- 
2SiO, is the stable compound at high temperatures. 
Many ceramists were already in a receptive mood for 
they had found that firebrick, from which they had ex- 
pected to obtain special refractory character by using 
sillimanite composition, had proved weak under load at 
temperatures around 1550°C. This result was puzzling 
but was explained by the revised equilibrium diagram, 
which also indicates the remedy, namely, to make the 
brick of mullite composition properly prepared. 


(3) System MgO-SiO, 

I have taken so much time with the story of mullite 
partly because I wished to emphasize the fact that the 
reinvestigation of the Al,O;-SiO, system was prompted 
by certain relations shown in natural rocks, an appro- 
priate subject for emphasis in a lecture dealing with the 
interrelations of petrology and technology, and partly 
because the system is, after all, the most important in 
ceramics. Many other binary systems of a rock-forming 
oxide with silica are of special significance to both pe- 
trology and technology. The next oxide on the list of 
refractory oxides is magnesia, and the system MgO- 
SiO, will now be discussed. The equilibrium diagram® 
is given in Fig. 4. 


(a) N. L. Bowen and Olaf Andersen, “Binary Sys- 


tem MgO-SiO:,”” Amer. Jour. Sci., 37, 487-500 (1914). 


Magnesia itself has a very high melting point, and 
none of the temperatures at which liquid exists in any 
mixture could be regarded as a low temperature, so we 
are still discussing refractory compositions. One of the 
compounds melts at 1890°C., and a natural rock ap- 
proaching it in composition has been used as a refrac- 
tory. This is the compound, Mg2SiO,, known to the 
mineralogist as the olivine, forsterite. The rock rich in 
that material is dunite, a variety of peridotite. Dunite 
is also an igneous rock and thus constitutes one of the 
exceptions to the rule that igneous rocks do not lend 
themselves to technologic processes. It is an unusual 
igneous rock, however, so unusual that to designate the 
class to which it belongs petrologists need the eighteen- 
letter word, anchimonomineralic. 

The other compound is MgSiO;, known to mineralo- 
gists as the pyroxene, clinoenstatite, which is important 
in ceramics because certain ware contains abundant 
crystals of it. An understanding of its relations in the 
binary system is thus a prerequisite to an understanding 
of the more complex compositions of this ware, just as 
an understanding of the binary systems is necessary to 
the petrologist before he can proceed to systems ap- 
proaching natural magmas. 

The feature of the diagram of greatest interest to the 
petrologist is the relation between the pyroxene and the 
olivine. During the cooling of some of the mixtures 
from the liquid state, a process which is our principal 
concern in igneous petrology, olivine crystallizes out 


(6) J. W. Greig, “Immiscibility in Silicate Melts,”’ 
Amer. Jour. Sci., 13 [73] 1-44 (1927); Ceram. Abs., 6 
[4] 157 (1927). 
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first and is later attacked by the liquid with formation 
of pyroxene. Resorption of olivine crystals and the 
formation of reaction rims of pyroxene around them are 
frequently observed in rocks, and various special as- 
sumptions had been made to explain these phenomena. 
In the light of the results of this system, they may be 
regarded as normal incidents in the cooling of magmas 
from which these minerals crystallize. 


(A) Immiscible Region in System MgO-SiO: 

Certain mixtures of the system MgO-SiO, exhibit a 
relation that appears in some other silicate systems. It 
is a relation of much importance to technology, and its 
significance in petrology must be properly gauged. I 
shall introduce its consideration by turning from this 
determined diagram to a theoretical diagram (Fig. 5), 
which Marsh® presents and refers to as an impossible 
case. The two substances, A and B, are shown as being 
completely immiscible in each other in the liquid state 
and therefore as having no effect on each other's melting 
temperatures. This condition is said to be impossible; 
but, if we let A stand for platinum with a melting point 
of 1775°C. and B stand for, say, the silicate anorthite, 
melting at 1552°C., what kind of diagram could be 
drawn except one with a horizontal line at 1775°C. and 
another at 1552°C.? Is this not the reason we can meas- 
ure the melting point of anorthite in a platinum cru- 
cible? Marsh aims at rigor, but this is rigor mortis. I 
hasten to add that Marsh’s book, on the whole, is a 
splendid discussion of the subject of phase equilibrium, 
and his rigorous treatment is ordinarily a relief from the 
lax methods of many books on the subject. Objection 
on this minor point is registered here for the purpose of 
emphasizing, as strongly as possible, the fact that when 
two substances do not mix in the liquid state their melt- 
ing points are not affected in any way and, by the same 
token, the closer the approach to the immiscible relation 
the inore nearly this fluxing indifference is realized. 

The MgO-SiO, system (Fig. 4) illustrates this situa- 
tion. The melting temperature of SiO, is lowered only 
slightly by the first additions of MgO, and no further 
lowering occurs until the immiscible region is passed at 
31% of MgO. With a greater proportion of MgO, a 
single, homogeneous liquid is formed, and the normal 
lowering of the melting point of SiO, is resumed; 
the total lowering for a given addition of MgO, however, 
is much less than it would be in the absence of an inter- 
vening immiscible region. The adjacent eutectic is dis- 
placed toward a lower SiO, composition, with the result 
that the amount of liquid formed on initial melting at 
the eutectic for any mixture with a small amount of 
MgO is much less than it would otherwise be. 


(4) Other Silicate Binary Systems Showing Partial 
Miscibility 
Several binary systems having SiO, as one of the com- 
ponents exhibit this same relation, as Greig has shown in 
his masterly study of high-silica mixtures.“ Figure 
6 shows the position of the eutectic in each of several 


* J. S. Marsh, Principles of Phase Diagrams, p. 93. 
McGraw-Hill Book Co., New York, 1935. xiv + 193 pp.; 
Ceram. Abs., 15 [1] 45 (1936). 
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Fic. 5.—Equilibrium diagram of two substances showing 
complete immiscibility (after Marsh,* “impossible case’). 
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Fic. 6.—Diagram showing position of eutectic in several 
binary systems of technologic significance. 


systems of special significance in ceramics. In each 
case (except Al,O;), there is this curtailment of the 
amount of liquid formed by the addition to SiO, of a 
moderate amount of the oxide concerned ; in other words, 
the fluxing effect of these oxides on silica is reduced, 
which is an important consideration where silica re- 
fractories are used. 


(5) Silicate Binary Systems Showing Complete 
Miscibility 
So much has been said in the foregoing sections re- 
garding the desirability of substances which resist melt- 


\ 
| 
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ing that an outsider might consider the prevention of 
melting to be the chief aim of processes in which sili- 
cates are used. The truth is, of course, that the refrac- 
tory substances, though indispensable, are usually mere 
adjuncts to processes in which melting is the main de- 
sideratum; of them are constructed the pots, tanks, 
cupolas, and other containers or enclosures in which 
melting of various substances is carried out. In the 
production of glasses, glazes, and slags, to confine the 
discussion to silicates, complete melting is ordinarily 
essential and in many ceramic bodies at least partial 
melting or vitrification is desired. These more fusible 
compositions, which will be discussed presently, are 
usually more complex in character than the refractory 
compositions discussed hitherto. Their consideration 
will take us into systems of three or more components. 

We are, however, still treating binary systems and, 
before passing to the more complex, reference will be 
made to certain binary systems, which, far from con- 
stituting refractory mixtures, are among the most fus- 
ible of silicate materials. These are the binary systems 
of the alkali oxides with silica. Part of the reason for 
discussing them is that they serve to round out the con- 
sideration of the immiscible relation because a major 
factor in bringing fusion temperatures to such low values 
is the lack of the immiscible relation. This behavior is 
in marked contrast with that exhibited in systems re- 
cently discussed, and, instead of giving the full diagrams 
for alkali silicates, a diagram is presented, after Kracek,'® 
which brings out this contrast. 


n 


Fic. 7.—Diagram illustrating the cristobalite liquidus 
curves for alkaline earth and alkali silicate mixtures (after 
Kracek"). 


Figure 7 shows that the alkali oxides form completely 
miscible liquids with SiO., giving a rapid depression of 
the freezing point of SiO.. The amount of depression 
per mol decreases regularly with decrease in the atomic 
weight of the alkali metal. A similar progressive change 
of effect is shown for the alkaline earth oxides; in this 


C. Kracek, ‘“‘Cristobalite Liquidus in Alkali 


Oxide-Silica Systems and Heat of Fusion of Cristobalite,’’ 
Jour. Amer. Chem. Soc., 52 [4] 1436-42 (1930); p. 1440; 
Ceram. Abs., 9 [9] 783 (1930). 
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group, the immiscible relation prevails with consequent 
offsetting of the silica liquidus. Barium oxide is, as it 
were, intermediate, having a strong disposition to unmix 
and a liquidus curve with a nearly horizontal portion 
but no actual immiscibility, a fact bre ght out by 
Greig’s careful work.* 

The very fusible alkali silicates are the simplest of all 
commercial glasses. They are not suited to the uses to 
which most glasses are put on account of their solubility 
in water; indeed, they find their principal use in the 
form of their water solution known as water glass. The 
fusible alkali silicates are the fundamental basis of the 
great majority of commercial glasses, various other 
oxides being added primarily to eliminate the water- 
soluble character and secondarily to produce whatever 
other combination of properties is desired."' 


(6) Petrologic Significance of the Immiscibie Rela- 

tion in Some Silicate Systems 

The common glasses of commerce will not be further 
discussed here for they have, on the whole, compositions 
which throw little light on petrologic problems. They 
are mentioned only because they represent such a short 
step from the alkali silicates, whose importance here is 
that they, together with Al,O;, are the rock-forming 
oxides which show the miscible relation with SiO... The 
other important rock-forming oxides, CaO, MgO, and 
FeO, show only partial miscibility. These facts are of 
great significance in petrology. The igneous rocks of 
highest SiO, content, and therefore those in which im- 
miscibility might be expected if the other factors were 
favorable, are also the rocks richest in the alkalis and 
alumina. The other factors are therefore far from favor- 
able, and no immiscible effects can be entertained for 
them. The rocks that are the richest in CaO, MgO, and 
FeO are always poor in SiO, and as a result do not ap- 
proach even remotely the compositions that could show 
immiscible effects. The laboratory results are therefore 
to be regarded as definitely unfavorable to the concept 
that immiscibility occurs in natural magmas, a hypo- 
thesis that has been proposed in explanation of the vari- 
ations of the igneous rocks. For a more adequate dis- 
cussion of this point, Greig’s original paper should be 
consulted.* 


IV. Ternary Systems 


(1) General Considerations 

On the basis of its quantitative importance in rocks, 
SiO, was chosen for special description, and the system 
Al,O;-SiO:, for a like reason, was discussed in greatest 
detail among the binary systems. On the same basis, 
those ternary systems in which Al,O; and SiO, are two 
of the components will naturally be the most important. 
The ternary compounds formed in such systems are 
called aluminosilicates, and if the mineral composition 
of the average igneous rock rather than its oxide com- 
position is made the basis of comparison, the alumino- 
silicates are easily the most important rock constituents, 


11 G. W. Morey, Properties of Glass, pp. 74-102. Amer. 
Chem. Soc., Monograph Series, No.77. Reinhold Publishing 
Corp., New York, 1938. 561 pp.; Ceram. Abs., 18 [2] 
48 (1939). 
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Fic. 8.—Equilibrium diagram of the system MgO-Al,O,;-SiO, (after Rankin and Merwin"). 


far outstripping all other minerals not excepting quartz 
itself. The principal aluminosilicates are the feldspars, 
which include the two alkali feldspars and lime feldspar. 
Together they make up some 65% of the average igne- 
ous rock. In a strict following of our plan, ternary sys- 
tems of the feldspar-forming oxides should now be dis- 
cussed, but because the way has been prepared for it by 
a detailed description of the system MgO-SiO,, the 
system involving this binary system and the Al,O;- 
SiO, system, in short the ternary system MgO-Al,O;- 
SiO», will be discussed first. 


(2) System MgO-Al.O--SiO, 

The equilibrium diagram for this system"? is given in 
Fig. 8. The refractory character of the individual 
oxides and of most of the binary compounds and binary 


ts (a) G. A. Rankin and H. E. Merwin, ‘“‘The Ternary 
System MgO-—Al.0;-SiO:,”” Amer. Jour. Sct., 45, 301-25 
(1918). 

(b) For corrections, see also p. 242 of Bowen and Greig,*® 
and p. 38 of Greig.*°) 
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mixtures is no longer in evidence when we pass to ter- 
nary mixtures. This is ordinarily to be expected when 
the number of components is increased. The lowest 
point on the liquidus is the eutectic at 1345°C., which 
is not very low as ternary silicate eutectics go, but it is 
hardly a refractory mixture. Magnesian refractories 
and alumina-silica refractories should not, therefore, be 
placed in contact with each other in any part of a struc- 
ture where the temperature is likely to approach that 
value. 


(A) Ware Based on MgO-Al:0;-SiO: Composi- 


tions 


Mixtures of these oxides are the basic composition in 
two classes of ceramic bodies, the one of which is rela- 
tively rich in alumina and develops, on firing, an abund- 
ance of cordierite crystals from which it has been called 
a cordierite body. The other class, poorer in alumina, 
develops crystals of clinoenstatite but has not been 
named in the same manner. Bodies in this class have 
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been called “steatite” because talc or the talcose rock, 
steatite, is an important constituent of the batch and 
the ingredient from which the clinoenstatite crystals 
develop. These bodies are semivitreous, and the cru- 
cial temperature for their vitrification, if the composi- 
tions were confined to the ternary mixtures, would be 
the ternary eutectic at 1345°C., at which liquid would 
be formed with the amount depending on the gross com- 
position. Because this is a rather high temperature, 
other ingredients may be added in small amounts to 
lower the vitrification temperature. Feldspar, which is 
sometimes used, accomplishes the desired result in vir- 
tue of its own inherent property of vitrifying at a rela- 
tively low temperature. 

The dielectric properties of a body so vitrified are not 
satisfactory for certain uses, and lime ma: be substituted 
for feldspar. The addition of CaO carries the composi- 
tions into the subsidiary tetrahedron having at its cor- 
ners clinoenstatite, silica, cordierite, and anorthite. A 
significant lowering of the vitrification temperature is to 
be expected as a result of the formation of some eutectic 
liquid between these four crystal phases. The exact 
temperature of this quaternary eutectic is not known, 
but the ternary eutectic on one of the faces of the tetra- 
hedron, namely, the face, anorthite-clinoenstatite- 
silica, is at 1222°C. and the quaternary eutectic will be 
significantly lower. The liquid formed at this quater- 
nary eutectic is of such character that much of it prob- 
ably crystallizes on cooling of the ware. This devitri- 
fication is presumably the cause of improvement in the 
dielectric properties. 

Actual glasses can be produced, more or less closely 
related to these compositions. They require, in addi- 
tion to the CaO, another ingredient which further 
lowers the melting temperature. The potent glass- 
former, B,O;, has been used for this purpose in produc- 
ing top-of-stove ware, as disclosed in the patent litera- 
ture. 


(B) Solidus Diagrams 


A useful diagram for many purposes is the “‘solidus.”’ 
In ternary systems, it consists simply of the general tri- 
angle, subdivided into subsidiary triangles by lines 
which join the solid phases that can coexist in equilib- 
rium at temperatures immediately below those of com- 
plete crystallization. It shows that, except for certain 
special cases, all compositions within the general tri- 
angle will consist of three solid phases, and it reveals 
what these three phases will be for any given total com- 
position at equilibrium. The solidus is a direct deduc- 
tion from the general equilibrium diagram which shows 
the fields (projected fusion surfaces) of each of the solid 
phases; it is, in fact, implicit in that general diagram. 
From it, we learn much less than from the general dia- 
gram inasmuch as it furnishes no information on courses 
of crystallization; the solidus diagram, nevertheless, 
has its uses. 

To one who has given no thought to the subject, it 
might seem that a solidus diagram could be drawn out 
of hand. One simply divides the general triangle into 
subsidiary triangles. However, trial soon reveals that 
there are a number of different ways in which this can be 


(b/ \ (C) 


(g/ (h) (i) 

(k) (/) (m) 

fn) fo) (p) 

(r) (s) 
(1) 


a 9.—Diagram es the various possible ways 
joining compounds in the system MgO-—Al,0,-SiO, 
(after Niggli™). 


done if the system involves several crystalline com- 
pounds. The system MgO-Al,0;-SiO, has only four 
binary compounds and one ternary compound, yet there 
are nineteen different ways in which the triangle can be 
divided into subsidiary triangles having the compounds 
at their corners (see Fig. 9). Only one of these, Fig. 9f, 
gives the correct solidus." 

The solidus diagram is particularly pertinent to ma- 
terials which have been heated nearly or actually to in- 
cipient fusion and in which the question of the course of 
crystallization on cooling from the molten state is not 
involved. Figure 9(f) is useful, therefore, in determin- 
ing what phases would be present at equilibrium in a 


% Modified from P. Niggli, Das Magma und Seine 
Produkte, pp. 124-25. Akademische Verlagsgesellschaft 
m.b.H., Leipzig, 1937. 
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cordierite or ‘‘steatite’’ ware which had been fired to a 
temperature giving moderate vitrification. No major 
change in the relations is likely when a moderate 
amount of a flux such as feldspar is added to facilitate 
vitrification except, of course, the for.nation of glass at 
a lower temperature or an increase in the proportion of 
glass at any given temperature. 

Diagrams of the same general type as the solidus dia- 
gram are useful to indicate mineral assemblages in meta- 
morphic rocks. For rocks that have suffered thermal 
metamorphism and especially those subjected to the 
highest temperatures, as in pyrometamorphism, the 
solidus diagram as determined fr .m fusion experiments 
is applicable. Fragments of partly fused shales included 
in volcanic rocks, which have already been mentioned 
in other connections, thus show assemblages corre- 
sponding with Fig. 9(f). When shales are metamor- 
phosed at lower temperatures, other assemblages of 
phases are developed, and other diagrams can be drawn 
which express equilibrium at these temperatures. 


\ 
\ 
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\ 
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Fic. 10.—Equilibrium diagram (solidus) for the system 
CaO~-Al,O;-SiO, (after Rankin and Wright). 


(3) Ternary System CaQ-Al.O;-SiO: 

The system CaO-Al,O;-SiO, was the first system of 
three components completely studied at the Geophysical 
Laboratory.'* It is of great importance in silicate in- 
dustries and in petrology, and its significance has been 
thoroughly discussed by others. Instead of duplicating 
such discussions, we shall try a little excursion into the 
land of what-might-have-been. The solidus for the sys- 
tem is shown in Fig. 10. The cement industry is one for 
which this diagram is vital. The fundamental constitu- 
ents of Portland cement clinker, 2CaO -SiO,, 3CaO - SiO,, 
and 3CaOQ-Al,O;, constitute one of the three-phase as- 
semblages of the diagram. There is no predicting these 
assemblages from a priori considerations. They are 
ascertained only by experiment. Let us suppose that 
the diagram were not as here represented but that geh- 


" G. A. Rankin and F. E. Wright, “Ternary System 
CaO-Al,0;-SiO2,”” Amer. Jour. Sci., 39, 1-79 (1915). 
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lenite should be joined to lime (in other words, that geh- 
lenite could occur in equilibrium with lime) as it is to 
alumina and as anorthite is to both alumina and silica. 
The consequences would be enormous. The calcium 
silicates and calcium aluminates would be incompatible 
with each other. Cements would need to be either sili- 
cate cements or aluminate cements. Intermediate com- 
positions would consist largely of lime and gehlenite and 
would lack hydraulic properties. Clayey limestone 
would be worthless. The only “natural” cements would 
be siliceous limestone and bauxitic limestone. It is 
doubtful whether either of these occurs anywhere in a 
form suitable for direct production of a cement clinker. 
It is therefore probable that hydraulic cement would 
never have been discovered if the postulated relation 
obtained. 

The great significance to a fundamental industry of 
the relations expressed in the solidus (Fig. 10) is implicit 
in this make-believe. Their significance in petrology is 
again principally in the realm of metamorphic rocks. 
The diagram indicates the phase assemblages possible 
in metamorphosed clayey limestones and calcareous 
shales which have suffered pyrometamorphism. 


(4) System KYO-AlO;-SiO; 


Of ternary systems involving aluminosilicates, those 
having one of the common alkali oxides as a component 
are, as has already been mentioned, the most important 
to igneous petrology. They are also of much signifi- 
cance in ceramics. Between the two common alkali 
oxides, there is little difference in the petrologic impor- 
tance of their aluminosilicates, but in ceramics potash is 
distinctly more important. The system K,O-Al,0;- 
SiO, is therefore briefly considered here (see Fig. 11*). 

There are three ternary compounds having, respec- 
tively, the composition of the natural minerals, kalio- 
philite, leucite, and potash feldspar. The point repre- 
senting the composition of potash feldspar lies in the 
leucite field, and leucite is therefore the primary phase 
to crystallize from a liquid of that composition. Speak- 
ing of the phenomenon as it is manifest in the rising 
temperature direction, potash feldspar is said to melt 
incongruently with formation of leucite and a liquid of 
high SiO, content. It is necessary to raise the tempera- 
ture above 1500°C. before all of the leucite crystals dis- 
appear. With addition of SiO, to potash feldspar, the 
leucite liquidus is lowered and, at approximately 27% of 
excess SiOz, liquids are reached from which potash feld- 
spar separates as the primary phase. There is a eutectic 
in the neighborhood of 1050°C. between potash feldspar 
and SiOz. 

Almost coincident with this binary eutectic in cor po- 
sition and temperature is the ternary eutectic between 
silica, potash feldspar, and mullite. From this point 
and indeed from all points on the mullite-feldspar bound- 
ary curve, the temperature of the mullite liquidus sur- 
face rises at an astounding rate. The 1100°, 1200° and 


* After unpublished work of Schairer and Bowen. The 
diagram has been presented at meetings of this Society 
but has not hitherto been published. It appears here with 
the kind permission of the Director of the Geophysical 
Laboratory and through the courtesy of J. F. Schairer. 
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Fic. 11.—Equilibrium diagram of the system K,O—Al,O;-SiO, (after Schairer and Bowen, see * footnote, p. 295). 


1300° isotherms are so close together that they cannot 
be shown separately on the diagram. 


(A) Petrologic Significance 

These and many other features of the equilibrium 
diagram have much significance to petrology and to 
the silicate industries. The most acid igneous rocks, 
the granites, are also by far the most abundant igneous 
rocks. They consist principally of alkali feldspar and 
quartz. The feldspar is not exclusively the potash 
variety; there may be important amounts of soda 
feldspar or a plagioclase very rich in soda. The rela- 
tions of the soda feldspar, however, are not greatly dif- 
ferent. The soda feldspar melts congruently and no 
compound corresponding with leucite appears on the 
diagram, but there is a similar very low eutectic between 
soda feldspar and silica, and the mullite field crowds the 
feldspathic compositions in exactly the same manner. 
The general relations in a granite or a granitic liquid 
containing both feldspars will therefore be like those in 
the diagram except that the temperatures involved will 


be still lower. With these considerations in mind, it is 
not surprising that the geologic evidence points strongly 
to granitic magmas as the lowest temperature magmas. 

A ready explanation is also found in the equilibrium 
diagram for the fact that granitic magmas do not ac- 
quire more than an insignificant excess of Al,O; over the 
feldspar ratio even when they have abundant inclusions 
of argillaceous rocks. If heated some 200° to 300° 
above their fusion temperatures, granitic magmas 
could still dissolve no more than a very small amount 
of alumina-rich material, and such a degree of super- 
heat is not to be contemplated in natural magmas, more 
especially in granitic types. 


(B) Technologic Significance 

The significance of the diagram to silicate technology 
is a question largely of these same relations. Porcelain 
bodies may be made exclusively or almost exclusively 
from clays and flint, with feldspar to form a vitreous 
binder. On firing, vitrification should begin at the tem- 
perature of the ternary eutectic previously mentioned. 
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Fic. 12.—Equilibrium diagram of the system CaO-FeO-—SiO, (after Bowen, Schairer and Posnjak"*). 


For small additions of feldspar, the point representing 
the total composition will lie close to the Al,O3-SiO, side 
of the triangle, and only a small amount of liquid will 
be formed at this temperature. The crystalline phases 
will be mullite and silica. The amount of. liquid wil 
increase only moderately if the firing is conducted at 
higher temperatures, as it normally would be, and silica 
will persist. Not until the temperature is raised to a 
very high point in such material will the silica be com- 
pletely dissolved and only mullite will remain as crys- 
tals. With increased amounts of feldspar, the tem- 
perature at which the silica will disappear on firing is 
lowered; with a certain proportion of feldspar and 
adequately prolonged firing at the eutectic, both silica 
and feldspar would disappear and mullite crystals alone 
would survive. Further increase of feldspar will result 
in survival of feldspar with the mullite at temperatures 
immediately above the eutectic. The exact proportion 
of feldspar necessary to ;, duce these effects may be 
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worked out graphically on the diagram for any assumed 
mixture of metakaolin and flint. 

On such a body, a feldspar glaze may be used. The 
glassy skin thus added will have nearly the same com- 
position as the vitreous constituent of the body. In 
this glaze, the crystalline constituents of the body will 
be practically insoluble for the reason stated in discus- 
sing the insolubility of aluminous inclusions in granitic 
magma. The possibility of using a potassium silicate 
as a glaze is obvious from inspection of the diagram be- 
cause a potassium silicate should react with the body to 
give sensibly the same composition of glaze as when 
feldspar itself is used. Whether the reaction would 
actually proceed to the necessary degree in reasonable 
time is another question. 

The question of rates enters into the whole problem of 
the behavior of this ware, and the foregoing discus- 
sion is based on the attainment of equilibrium. The 
experimental petrologist and the ceramist, if they have 
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Fic. 13.—Equilibrium diagram for mixtures of metasilicate ratio in the system CaO-FeO-SiO, (after Bowen, Schairer, 
and Posnjak"*). 


adequate microscope control, soon discover how slow is 
the attainment of equilibrium in such compositions. 
Dissolution of quartz, for example, is particularly slow 
on account of the extreme viscosity of the liquid formed 
as SiO, dissolves. Equilibrium, however, is the goal 
toward which the changes trend, and though it may not 
often be completely attained, the equilibrium relations 
must be understood if the ware is to be understood. 


(5) System CaO-FeO-SiO: 


A discussion of the relation between igneous petrology 
and silicate technology could make no claim to com- 
pleteness short of a handbook in a dozen or more vol- 
umes. Much must be left unsaid here, but a conspicu- 
ous void would occur, even in a brief survey of this kind, 
if no mention were made of systems related to the slags 


used in metallurgical practice. Some of the earliest 
analogies between man-made melts and natural mag- 
mas were drawn by J. H. L. Vogt. Technology thus 
entered the service of petrology, and a stimulus was 
given to systematic investigation of the effects of 
composition on the fusion temperature and the nature of 
the crystals formed, which benefited both technology 
and petrology." 

Many different systems have been studied by modern 
methods, and the system CaOQ—FeO-SiO,'* has been 


6 J. H. L. Vogt, “Die Silikatschmelslésungen,” Viden- 
skapsselskapets-Skrifter. I. Mat.-naturv. Klasse Kris- 
liania, 8, 1-235 (1903). 

1% N. L. Bowen, J. F. Schairer, and E. Posnjak, ‘System 
CaO-FeO-SiO.,”” Amer. Jour. Sci., 26, 193-284 (1933); 
Chem. Abs., 28 [1] 28 (1934). 
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Fic. 14.—Equilibrium diagram of the plagioclase feldspars 
(after Bowen”). 


arbitrarily chosen for discussion here. The equilibrium 
diagram is given in Fig. 12. 

The binary system FeO-SiO, on one side of the tri- 
angle is of interest to the petrologist because it shows 
the fields of fayalite (Fe,SiO,) and SiO, coming together 
without formation of an intermediate compound. Faya- 
lite and quartz are found together in rocks, a very differ- 
ent situation from that observed with the most com- 
monly occurring members of the olivine (forsterite- 
fayalite) series. These are forsterite-rich, that is, high 
in magnesia, and cannot occur in equilibrium with silica 
because a pyroxene field intervenes, a fact that is 
brought out in the MgO-SiO, diagram (Fig. 4). 

Of the other orthosilicate compounds, CaFeSiO, is 
not known in rocks, but Ca,SiO, occurs as the mineral 
larnite surrounding flint nodules in limestone that has 
been heated by a basic magma, which again is an ex- 
ample of pyrometamorphism. 

All the orthosilicates are formed in slags. Some slags 
used in the acid open-hearth process are very rich in 
fayalite. Slags having a high content of CaFeSiO, are 
used in copper metallurgy, and Ca,SiO, is an important 
constituent of blast-furnace slags. 

In metasilicate compositions at rather high tempera- 
tures, there is a remarkable series of wollastonite (8- 
CaSiO;) solid solutions, triclinic in crystallization, that 
may contain as much as 76% of FeSiO; (see Fig. 13). 
At lower temperatures, the compound, CaFeSi,O¢, cor- 
responding with the natural mineral hedenbergite, is 
formed, and a series of solid solutions extends from it 
over to 80% of FeSiO;. These are monoclinic in crys- 
tallization and, in fact, are ordinary monoclinic pyrox- 
enes. The triclinic solid solutions (high-temperature) 
are rare in nature, probably because crystallization of 
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appropriate natural melts ordinarily takes place at too 
low a temperature owing to the abundance of other ma- 
terials present. For one occurrence, it has been sug- 
gested that the metasilicate, rich in FeSiO,, crystallized 
initially in the triclinic (wollastonite) form and on 
cooling inverted to the monoclinic form.'’ In another 
occurrence, wollastonite solid solution with a more mod- 
erate FeSiO; content is preserved as such.'* These 
changes and changes of a somewhat different character 
in the magnesia-iron metasilicate series have been used 
as reference temperatures on the geologic thermometer. 

Turning to slags, we find that the triclinic and the 
monoclinic series are well-established slag minerals. 
The triclinic crystals have been named vogtite for J. H. 
L. Vogt,'* whose work on slags has already been men- 
tioned. Their character as wollastonite solid solutions 
has been only recently recognized.’* The monoclinic 
crystals are common in slags, and their character as py- 
roxenes has long been known. 

The most fusible mixture of the system is that having 
the composition of the ternary minimum and a melting 
temperature a little below 1100°C. (Fig. 12). Slags ap- 
proaching that composition are used in nonferrous met- 
allurgy. When the content of iron in the slag must be 
kept low, as in some phases of iron metallurgy, the tem- 
perature would rise to very high values if compositions 
were confined to the present system. The presence of 
other oxides lowers these temperatures, but some high- 
temperature slags have compositions in the Ca,SiO, 
field and may even have crystals of that phase present 
during the heat. 


V. Multicomponent Systems 
(1) General Considerations 


No silicate system of more than three components has 
yet been completely investigated. This does not mean 
that no mixtures containing more than three oxides 
have been subjected to complete thermal study. On 
the contrary, a great deal of work has been done on such 
mixtures, but it has been confined to making certain 
sections along a line or plane in a multicomponent sys- 
tem in the hope that the chosen mixtures will behave 
as binary or ternary systems. This hope is sometimes 
realized. 


Sections in System 
i 


A good example of a section along a line in the four- 
component system, NaxO-CaO-Al,0;-SiO,, is furnished 
by the join albite (NaAISisOs)—anorthite (CaAl,Si,Os). 
Mixtures of these two compounds behave throughout as 
a binary system and give a simple type of diagram show- 
ing complete solid solution between them, with the lowest 


17 W. A. Deer and L. R. Wager, ““Two New Pyroxenes 
of System Clinoenstatite, Clinoferrosilite, Diopside, and 
Hedenbergite,”” Mimneralog. Mag., 25, 15-22 (1938); 
Chem. Abs., 32 [9] 3302 (1938). 

8 C. E. Tilley, ‘‘Wollastonite Solid Solutions from Scawt 
Hill, County Antrim,”’ Mineralog. Mag., 24 [158] 569-72 
(1937); Ceram. Abs., 17 [1] 39 (1938). 

”N. L. Bowen, ““Vogtite, Isomorphous with Wollas- 
tonite,” Jour. Wash. Acad. Sci., 23 [2] 87-94 (1933); 
Ceram. Abs., 12 [10-11] 402 (1933). 
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Fic. 15.—Equilibrium diagram of the system leucite—diopside-silica (after Schairer and Bowen”). 


melting temperature at the composition of albite itself 
(see Fig. 14).2° This series of solid solutions is the series 
of plagioclase feldspars. They are quantitatively the 
most important rock-forming minerals, and genetically, 
too, for their crystallization behavior, whereby the 
liquid is progressively enriched in albite, is carried over 
into more complex mixtures into which they enter as 
components. They thus dominate the picture in what 
is called the subalkaline series of rocks that make up 
about 99% of all igneous rocks. 

The ceramist could use the soda feldspar, albite, for 
many of the purposes to which potash feldspar is put, 
but soda feldspar without important amounts of anor- 
thite in it is not available in quantity. As the diagram 
shows, addition of anorthite brings about a very rapid 
rise of the temperature of complete melting, and diffi- 
culties are likely to arise from this cause if the more 
readily available soda-lime feldspars are used. The 
ceramist, therefore, uses potash feldspar for the most 
part. In point of fact, no feldspar is obtainable in quan- 


2 N. L. Bowen, ‘“‘Melting Phenomena of the Plagioclase 
Feldspars,”” Amer. Jour. Sci., 35, 577-99 (1913). 


tity in the pure state. Natural potash feldspar practi- 
cally always contains significant amounts of soda feld- 
spar, but this is probably an advantage. 

One could readily multiply examples of investigated 
systems which represent sections across polycomponent 
systems.*! In this same tetrahedron, several linear and 
plane sections have been made in studies carried out at 
the University of Chicago, emphasizing compositions of 
petrologic significance.** These have been extended to 
compositions of quite low silica content anc of little 
petrologic interest on account of the importance of such 
compositions to the sintering methods of extracting 
alumina as distinct from or supplementing the auto- 
clave methods. 
J. F. Schairer, “System CaO—-FeO-Al,O;-SiO,: I, 
Results of Quenching Experiments on Five Joins,’’ Jour 
Amer. Ceram. Soc., 25 [June, No. 10] 241-74 (1942). 

(a) W. R. Foster, “System 
NaAlSiQu,” Jour. Geol., 50, 152-73 (1942). 

(6) W. K. Gummer, “System CaAl,Si,O,—-CaSiO; 
NaAlSiO,.”” Thesis for degree of Doctor of Philosophy, 
University of Chicago; Jour. Geol. (in press). 

(c) J. Spivak, “System NaAISiO,—CaSiO,;—Na,Si0O;,.”’ 
Thesis for degree of Doctor of Philosophy, University of 
Chicago (unpublished). 
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(3) System Leucite—Diopside-Silica 

These studies will not be discussed here; in fact, only 
one more system will be offered. It is the system leucite 
(KAISigO¢)-diopside (CaMgSi,O¢)-silica (SiO,) which 
is a plane section in a system of five oxides and has pot- 
ash feldspar as a binary compound. For this reason, 
ceramic as well as petrologic importance is inherent. 

The system behaves as, or substantially as, a three- 
component system. The equilibrium diagram* is given 
in Fig. 15. It shows that the field of diopside extends 
practically over to the opposite side of the triangle, the 
field of orthoclase (potash feldspar) having almost no 
width. The ternary eutectic between diopside, ortho- 
clase, and silica contains practically no diopside. In 
the crystallization of any liquid mixture of diopside, 
orthoclase, and silica, diopside will therefore have trys- 
tallized out almost completely before any orthoclase 
crystallizes. Even in mixtures with only 3 or 4% of diop- 
side, the diopside will crystallize before the orthoclase. 
This is just what does happen in natural magmas, and 
it was regarded as very puzzling during the earliest at- 
tempts to apply physicochemical principles to the crys- 
tallization of magmas. It was supposed that there must 
be a eutectic at some intermediate compositiun and that 
one phase or the other would crystallize first, depending 
on which was in excess over the eutectic proportion. 
This is, of course, generally true, but it was not realized 
that these considerations go by the board when solid 
solution such as that shown by the plagioclase feldspars 
(Fig. 14) enters into the picture, when incongruent 
melting occurs as shown in the relation between oli- 
vine and pyroxene in Fig. 4, or when the eutectic occu- 
pies the limiting position as in Fig. 15. In the first of 
these, lime feldspar always crystallizes before soda feld- 
spar; in the second, magnesian olivine, before pyroxene ; 
and in the third, diopside, before orthoclase. 

In a natural magma, the special features of these sys- 
tems are united in the one complex system. The ob- 
served fixity in the order of crystallization of the major 
igneous rock minerals is a reflection of the idiosyncrasies 
of these and related systems. There is, in other words, 
a unidirectional character to the crystallization which 
carries the liquid ever closer, as crystallization proceeds, 


J. F. Schairer and N. L. Bowen, “System Leucite- 
Diopside—Silica,’”” Amer. Jour. Sci., 35A, 289-309 (1938); 
Chem. Abs., 33 [10] 3726 (1939). 
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to a composition which is a mixture of potash feldspar, 
soda feldspar, and silica entirely purged of lime and 
magnesia compounds. Iron compounds are not so com- 
pletely eliminated, but they too are a relatively unim- 
portant proportion of the final residuum of crystalliza- 
tion, a condition which of course is not inconsistent 
with a great increase of iron compounds relative to lime 
and magnesia compounds. 

This is the picture of the relations in the subalkaline 
series of igneous rocks which grows out of laboratory 
studies of silicate systems. It seems to agree with and 
at the same time to clarify the story told by the rocks 
themselves. 

The significance of these relations to the technologist 
is of course confined to the technology of materials 
closely related in composition. They tell nothing about 
lead or zinc in enamels or about barium or boron in 
glasses; but, if we return to a consideration of the use 
of feldspathic materials as vitrifying agents in bodies 
and as glazes, we find certain features worthy of note. 
Insofar as a low vitrifying temperature may be desired, 
a mixture of quartz and alkali feldspars should, for most 
purposes, give optimum results. No further lowering 
of the temperature at which vitrification begins should 
be available through addition of magnesia or lime com- 
pounds, such as tale or tremolitic talc. Iron compounds 
might give moderate further lowering, but they will or- 
dinarily be taboo. This does not mean that lime and 
magnesian compounds will not enter into and augment 
the quantity of liquid formed if vitrification is carried 
on at a temperature higher than that of initial formation 
of liquid. A lowering of this latter temperature is to be 
accomplished only by having an excess of alkali silicate. 
This might not be permissible for other reasons, but it 
will give initial fusion at a very low eutectic, such as 
that between K,O-4SiO:, quartz, and orthoclase, to use 
the potash system (Fig. 11) as an example. 

I must now bring these remarks toa close. The theme 
is not exhausted but no doubt many of you are. I shall 
add, therefore, only this: We must push on, ceramist 
and petrologist, each in his own way, toward a complete 
understanding of silicate behavior in your plant and in 
our planet. 
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OBSERVATIONS ON SOLID-PHASE INVERSIONS OF CALCIUM 
ORTHOSILICATE, CONSTITUENT OF DOLOMITE-SILICA BRICK* 


By SAMUEL ZERFOSS AND H. M. Davis 


ABSTRACT 


The solid solution of P.O; in calcium orthosilicate, 2CaO-SiO2,t was studied by means 
of thermal and optical methods, and the inversion temperature for the alpha to beta 
2CaO-SiO, change was found to be lowered by the presence of the dissolved P,Os. 

With this information concerning the solid solution of P,O, in the high-temperature 
forms of 2CaO-SiO:, a probable mechanism is presented for the inhibiting effect of P.O; 
and similar oxides on the beta-gamma inversion (dusting) of 2CaO-SiO.. Two new crys- 
tal chemically inhibiting oxides (As2O;, V2O;) are listed. 

The types of inhibition of the beta-gamma inversion are distinguished as (1) physical, 
wherein the constraint imposed by the surroundings acts to prevent the inversion, isolate 
the grains of 2CaO-SiO,, and interrupt the continuity of the inversion wave, and (2) crys- 
tal chemical, wherein the presence of foreign dissolved substances apparently produces a 
true stability in the beta lattice at room temperature. The mechanism of the crystal- 


chemical inhibition is discussed in some detail. 
lem of stabilizing 2CaO - SiO, in dolomite or lime-silica brick. 


|. Introduction 

The recent intensive development of refractories from 
lime and dolomite has revived interest in some of the 
properties of calcium orthosilicate (2CaO-SiO:, here- 
after abbreviated to C,S). The mineral constituents of 
these refractories are usually C,S, MgO and 3CaO-SiO, 
(C3S) together with minor constituents. The major 
constituent, C.S, because of its hydrability and complex 
polymorphism, presents some difficulties to the manu- 
facturer of refractories. Among silicates, this com- 
pound is almost unique in possessing a pair of poly- 
morphic forms having pronounced differences in physical 
and chemical properties. 

Because a great amount of material, particularly with 
reference to cement clinker, has been published,' only 
a summary of the data on CS will be made. Calcium 
orthosilicate was prepared synthetically before 1880, 
but only recently (1929) was found to occur as a 
rare mineral in certain high-temperature contact- 
metamorphic deposits. It is one of the four known 
compounds of lime and silica and is represented by 
three of the twelve solid phases in the system CaO- 
SiO,.. Three polymorphic forms of C,S are generally 
recognized below the melting point (2130°C.). The 
high-temperature form, alpha, is stable from the melt- 
ing point to 1420°C.; the beta form, from 1420° to 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, April 21, 1943 (Refractories 
Division). Received April 21, 1943. 

Condensed from a thesis by the senior author, submitted 
in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, August, 1942. 

t This expression indicates in strictly chemical termi- 
nology that P atoms are present in the silicate lattice; 
one can oniy speculate as to the P to O ratio in the P,O, 
ionic group. 

1 (a) R. H. Bogue, “Digest of Literature on Constitu- 
tion of Portland Cement Clinker,’’ Concrete, July, 1926, to 
February, 1927. 

(b) G. E. Seil and Staff, ‘Bibliography on Ortho- 
silicates of the Alkaline Earths with Special Reference to 
Their Use in the Refractory Field,’”’ Ceram. Abs., 19 [11] 
273-93 (1940). 
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The information is applied to the prob- 


675°C.; and gamma,? the low-temperature form, below 
675°C. 

The inversion, alpha to beta, like the quartz type, is 
rapid and reversible and apparently does not involve 
much intra-lattice rearrangement. The energy change, 
as indicated by the heat effect on inversion, is also rather 
small.* 

The inversion, beta to gamma, is one of high energy 
change, involving an increase of volume of about 10%; 
the density of the beta form is 3.28 gm. per cc. and that 
of the gamma form, 2.974 gm. percce.™) This inversion 
is sluggish and can be supercooled. The inversion takes 
place spontaneously and is autocatalytic. 

The chemical properties of C.S are equally interesting. 
In its equilibrium relations with other orthosilicates, it 
invariably forms a limited solid solution accompanied 
by a mixed orthosilicate, for example, monticellite 
(CaO-MgO-SiO,), glaucochroite (CaO-MnO-Si0,), 
and CaFeSiO,. In its equilibrium relations with more 
acidic silicates, it generally shows eutectic melting. 
The low-temperature form of C,S hydrates very slowly, 
if at all, which explains its undesirability in Portland 
cement clinker, whereas the high-temperature form re- 
acts readily with water to form crystalline hydrates. 


(1) Beta to Gamma Inversion 

It was noted in the early cement industry that cer- 
tain high-lime clinkers would crumble to a fine non- 
hydratable powder (‘‘dust’’) on cooling. This phe- 
nomenon was first studied by Le Chatelier, who correctly 
attributed the dusting to a polymorphic change. 

If the orthosilicate batch of fine calcite and quartz 
is sintered above 1500°C. for an hour, a satisfactory 


2 (a) A. L. Day, E. S. Shepherd, and F. E. Wright, 
“Lime-Silica Series of Minerals,”’ Amer. Jour. Sci., 4th 
series, 22, 265-302 (1906). 

(b) G. A. Rankin and F. E. Wright, ‘‘Ternary System 
CaO-Al,O;-SiO:,”’ ibid., 4th series, 39, 1-79 (1915). 

Dyckerhoff, ‘Concerning Furmation and Proper- 
ties of Calcium Silicate,’’ Zement, 14, 3 (1925). 

See also footnotes 1(6) and 2(a). 
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yield of the high-temperature form of C.S will be ob- 
tained. If this sintered cake is then allowed to cool to 
room temperature, a spot on the ingot will start to 
crumble to powder at some temperature below 675°C., 
and the inversion eventually will spread over the whole 
mass until the preparation consists of a fine — 100-mesh 
powder. 

No other known silicate exhibits such a spectacular 
inversion. To cause the lattice to expand 10% in vol- 
ume, large forces must be involved. 

Early work in the cement industry indicated the con- 
ditions necessary to preserve the high-temperature 
form although no mechanism for this preservation was 
given at that time. It was also discovered that addition 
of small amounts of such oxides as P,O; and Cr,0, 
would cause the high-temperature form to persist in- 
definitely.‘ These substances were said to inhibit the 
inversion and were called inhibitors. The preparations 
were described as stabilized C,S although there is some 
question as to the true stability of these phases. In 
addition to these two oxides, B,O; can be used as an 
inhibitor. Numerous other cases of inhibition have 
been reported in the literature, but these three oxides 
alone have withstood examination and have been es- 
tablished as effective chemical inhibitors. It has been 
suggested for many years that the inhibiting effect of 
these oxides depends on the solid solution of the oxide 
in the silicate. Other reports in the literature claim 
inhibiting properties for such oxides as MgO, Fe.Os, 
SiO., and CaO. Although inhibition can occur in the 
presence of these latter oxides, the present writers will 
show that such inhibition is not crystal chemical in 
nature 

The first demonstration of solid solution of an in- 
hibitor in C,S was made by Flint and Wells, * who showed 
that B,O; had limited solubility in beta C,S. The limit 
of solid solution was fixed by the amount of B,O; re- 
quired to lower to a minimum the alpha to beta inver 
sion temperature of C.S. Barrett and McCaughey* 
recently confirmed the solid solution of P,Os; in C,S 
and suggested that it might be as high as 10%. Trémel’ 
has also presented a diagram for the system Ca,SiO,- 
CasP,03. Extending across the liquidus of his diagram 
are a sezies of four solid solutions, the first of which 
extends from 0 to 3% of P,O;. Complete data on these 
solid solutions are not available. 


ll. This Investigation 
The present research was undertaken to extend the 


*P. H. Bates and A. A. Klein, “Properties of Calcium 
Silicates and Calcium Aluminates Occurring in Normal 
Portland Cement,” Bur. Stand. Tech. Paper, No. 78, 38 pp. 
(1917). 

*E. P. Flint and L. S. Wells, “System Lime-Boric 
Oxide-Silica,”’ Jour. Research Nat. Bur. Standards, 17 [5} 
727-52 (1936); R.P. No. 941: Ceram. Abs., 16 [2] 75 
(1937). 

*R. L. Barrett and W. J. McCaughey, “System CaO- 
SiO,-P,0;," Amer. Mineralogist, 27, 680-95 (1942); 
Ceram. Abs., 22 [3] 62 (1943) 

_ 'G. Trémel, “Investigations in the Three-Component 

System CaO—P,O;-SiO, and Their Significance for Pro- 

ry of Thomas Slag,”’ Stahl u. Eisen, 63 [2] 21-29 
343). 
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data of Flint and Wells’ to include PO; and also to 
work out a mechanism for the types of inhibitions. 

The presence of a solute in the alpha or beta lattice 
would affect the inversion temperature. Flint and 
Wells thus found that the addition of 0.2 mole % of 
dicalcium borate lowered the inversion temperature of 
CS from 1420° to 1235°C. Further additions produced 
no additional lowering of the inversion temperature. 
It was assumed therefore that the amount of the mate- 
rial necessary to produce this maximum lowering repre 
sented the limit of solid solution of the B,O, in the C,S, 
and the present investigation was based on the same 
principle. The heat effect of the inversion was detected 
or heating and cooling curves by using a differential 
thermocouple arrangement. 

Much difficulty was experienced in detecting the 
alpha to beta inversion of a pure preparation of C,S in a 
mineralizer-free system. Despite numerous refinements 
in technique, one could not attach much certainty to 
the recorded inversion temperature; in fact, only in the 
présence of a mineralizer (CaF,) were the authors able 
to obtain a reliable heat effect. 

Samples containing P,O; up to 10% were examined 
by heating curves. The data show that the inversion 
temperature was lowered to 1375° = 5°C. After 1.0% 
of P.O; was added, further additions produced no 
effect. Microscopic examination of the preparation 
showed that maximum lowering of the refractive index 
was obtained by the addition of 1.0% of PyOs. X-ray 
examination by powder patterns also indicated solid 
solution. Beyond 1.5% of P,Os, there was no further 
change in the pattern but rather the appearance of 
another unidentified phase. 

These data differ from those of Barrett and McCau- 
ghey* but would approximate the data from Trémel’s 
diagram.’ The solid solution of P,O; in C,S, however, 
is confirmed by the present work. Studies of Cr,Os;- 
contaminated C,S were limited to microscopic examina- 
tion, but here again a very limited solid solution was 
definitely indicated. 

It is interesting that B,O;, and Cr,O,; form solid 
solutions with C,S and are also more or less effective 
inhibitors for the beta to gamma inversion. A generali- 
zation, however, that solid solution is a criterion for 

inhibition cannot be assumed. Ferric oxide (Fe,Os) 
also forms a solid solution in beta C,S, as shown by 
Burdick,* but it does not inhibit the inversion except in 
Fe,O;-rich compositions. The effective crystal-chemical 
inhibitors, phosphorus and boron, have small ion size 
and, chemically speaking, they form acid oxides. The 
iron and chromium do not fulfill all these conditions, 
and the anomalous behavior of chromium will be dis 
cussed later. 


(1) New Inhibitors 


On the basis of these tentative qualifications, it was 
decided to investigate a series of ions to determine 
their inhibiting effect. Certain predictions were made, 
and these predictions were proved by experiment. 


8’ M. D. Burdick, “Studies on the System Lime—Ferric 
Oxide-—Silica,””’ Jour. Research Nat. Bur. Standards, 25 
[4] 475-88 (1940); R.P. 1340; Ceram. Abs., 20 [2] 57 
(1941). 
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The effects of the following elements were investi- 
gated: V, As, Sb, S, W, Mo, Ti, Cr, P, Ba, Sr, Zn, and 
F. The foreign ion was incorporated and distributed in 
the C,S preparation. A batch consisting of c.p. CaCOs, 
acid-washed rock crystal, and 1 mole % of the foreign 
oxide or its corresponding calcium salt was prepared 
and given several heat-treatments at 1550° to 1625°C. 
for thirty-minute periods. Between heat-treatments, 
the batches were ground fine to insure adequate distri- 
bution of the reactants. Visual observation of dusting 
was made, and the undusted materials were studied un- 
der the microscope. 

As a result of this work, the elements vanadium (V**) 
and arsenic (As**) can be added to the list of chemical 
inhibitors of the beta to gamma inversion. The other 
elements had no effect on the inversion nor did they 
enter into solid solution with the C,S as shown by the 
microscopic examination. Thus, with present knowl- 
edge, phosphorus (P**), arsenic (As**), vanadium 
(V**), chromium (Cr**), and boron (B**) can act as 
crystal-chemical inhibitors. 


(2) Properties of Inhibited Phase 

The properties of an inhibited preparation are es- 
sentially those of beta C.S quenched to room tempera- 
ture. There is no apparent relation of temperature of 
preparation of the solid solution to its stability, that is, 
the thermal properties of a P,O, solid solution in C,S 
made at 1400°C. are identical with those of a sample 
made at 1600°C. Inasmuch as the mineral is synthe- 
sized by solid-phase reaction, the extent of recrystalliza- 
tion is a function of temperature but the stability of the 
preparation depends only on an adequate distribution 
of the inhibitors. Numerous attempts to cause these 
solid solutions to invert to the stable low-temperature 
form were unsuccessful. Samples were held at various 
temperatures below the temperature of the beta to 
gamma inversion for periods of 30 days without inver- 
sion. These data, however, cannot be construed as 
evidence that the inhibited preparation is a stable 
phase; perhaps a longer time is required to reach sta- 
bility. The thermal motion at these low temperatures 
is not great, that is, apparently not great enough to 
exsolve or precipitate the contaminant and permit the 
inversion to the stable phase to take place. The solid 
solution probably is thermodynamically stable in rela- 
tion to the beta-gamma inversion down to room tem- 
perature. 


lil. Crystal Structure of C.S 


Because of the inability to grow single crystals, the 
crystal structure of the forms of C.S cannot be precisely 
determined. By analogy to other silicates and com- 
pounds of related character, however, it is possible to 
give a picture of the atomic arrangement in this crystal.® 

The characteristic tetrahedral arrangement of four 


*(a) E. Brandenberger, ‘““X-Ray Characteristics of 
Various Modifications of Dicalciumsilicate, Ca,SiO,,” 
Schweiz. Mineralog. Petrog. Mitt., 14, 473-77 (1934); 
Ceram. Abs., 16 [7] 198 (1937). 

(b) E. Brandenberger, ‘‘Crystal Structure and Chemi- 
cal Foundations of Stereochemistry of Crystalline Com- 
pounds in Portland Cement,” Schweiz. Arch. Wiss. Tech., 2, 
45-48 (1936); Ceram. Abs., 16 [4] 109 (1937). 


oxygen atoms around a central silicon atom is preserved 
throughout all of the silicate lattices. The various sili- 
cate structures represent permissible combination and 
linking of these tetrahedral units. In the orthosilicate 
lattice, the tetrahedral unit is isolated, that is, the four 
oxygens around a silicon are not linked to any other sili- 
con, and the silicon-oxygen ratio is 1 to 4 and the cat- 
ion-silicon ratio is 2 to 1. 

Goldschmidt'® found that the volumes of individual 
ions are practically constant and can be represented by 
the content of spheres of action. When two elements are 
considered as in the case of Mg and O, the number of 
one kind of atom, O, that can surround or be in contact 
with another kind of atom is fixed by the geometrical 
relations of the radii and by the relative order of mag- 
nitude of the charges on the respective atoms. Charge 
enters into the picture only when the difference in 
charge density of the two elements is great. 

The number of surrounding atoms or the coordina- 
tion number is thus fixed by the ratio of the radii; the 
coordination number hereafter will be referred to as CN. 

In the case of atoms surrounded by oxygen, the CN 
depends on the radius of the other atoms. For atoms 
of the size up to 0.2 a.u. (C, B), the CN for oxygen is 
3; for atoms of 0.3 to 0.6 a.u. (Be, Si, Al), the CN is 
4; in the case of Mg, Fe, and Ti (radius 0.6 to 0.8 a.u.), 
the CN is 6; and finally Ca, having a radius of 1.06 
a.u., has a CN of 8 or more. 

The transition from one radius range to another is 
not marked, and atoms on the borderline often show 
either type of coordination; for example, Al, 6-fold 
(CN 6) in corundum and 4-fold (CN 4) in feldspars. 

As the coordinating force becomes less and the co- 
ordination number becomes larger, the atom is more 
isolated and assumes a more inactive role. 

At higher temperatures, the CN of Ca should be less 
because of the increased thermal vibration of the oxygen 
atom, which makes the oxygen atom relatively larger 
and leads to a lower radius ratio. The Ca atom can 
thus assume a more active role in the structure. 

On the basis of physical character and participation 
in crystal lattices, two types of cations may be recog- 


mized. Those of the “‘first category’’™ have small size, 


high charge density, low CN, and play an important 
role in the network of the skeleton of the structure, that 
is, they are “‘active’’ cations (for example, Si‘t). Those 
cations of the “second category” have large size, low 
charge density, high CN, and serve to fill holes in the 
lattice structure. These are referred to by Branden- 
berger® as “inactive cations,’ for example, Na*, K*. 
In an effort to explain the difference in physical and 
chemical properties of the various forms of C,S, Bran- 
denberger proposes that there is a difference in coordina- 
tion number of the calcium in the high- and low-tem- 
perature forms. 


'V. M. Goldschmidt, ‘“‘Geochemical Distribution Laws 
of the Elements: VII, Laws of Crystal Chemistry,” 
Skrifter Norske Videnskaps-Akad. i Oslo. I. Mat. Natur. 
Klasse, 1926, p. 113. 

" W. Biissem, “X Rays and Cement Chemistry,” Proc. 
Chem. Cements, Stockhelm, 1938, pp. 141-68; 

eram. Abs., 19 [7] 154 (1940). 

See also footnote 7. 
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Calcium is normally embedded as a cation of the 
second category, CN 6-8, and plays a rather inactive 
role in the holes of the structure. At higher tempera- 
tures, however, in addition to this inactive interstrat:.- 
fication, an active role of Ca as a cation of the “‘first 
category”’ is possible. The Ca ion, having a large size 
and a double charge, is a borderline case. 

Brandenberger® divides the calcium silicate series 
into several groups with the following properties: 


(1) Alpha-C,S, beta-C,S: Ca as an active coordinating 
center, CN 4; refractive index above 1.7, close pack- 
ing, high density; and molecular volumes smaller than the 
sum of the volumes of constituent oxides. 

(2) Gamma-C,S, C;S:, CS: Ca as a secondary em- 
bedded cation, CN 6-8; refractive index less than 1.7, 
lower density; and molecular volumes greater than the 
sum of the volumes of constituent oxides. : 


On the basis of these considerations, Brandenberger 
exp'ains the ability of the high-temperature forms of 
C,S to hydrate and the inability of the other silicates 
to take on water. The act of hydration in beta or alpha 
C.S is much the same as the act of inversion of these 
forms to the stable gamma form inasmuch as both 
operations involve an increase in CN of the Ca in the 
orthosilicate. In alpha and beta C,S, the Ca can play 
an important role in the lattice and is thus able to at- 
tach itself to H,O groups and attain the stable higher 
coordination. Gamma C,S, stable of itself, does not 
possess this property of ready hydration. 

A high coordination is also realized when calcium 
enters the forsterite lattice in the ratio of one calcium 
to one magnesium in the mineral monticellite. The 
calcium here has a coordination number of six. This 
mineral does not hydrate readily. 

Phosphorous pentoxide enters the C,S lattice as PO, 
groups, and the P atoms, in small amounts, would oc- 
cupy positions similar to those of silicon. There are 
several observations in the literature on the substitu- 
tion of phosphorus for silicon atoms. In 1941, Bredig'* 
suggested a new group of isotypic compounds, A,XO,, 
in which A can be Ca, Na, or K and X can be P, S, 
or Si. According to him, this group would include 
the alkali-alkaline earth phosphates and C,S modified 
by phosphate as in a slag. He states that the high- 
temperature form of this series can be stabilized by 
substances which are insoluble in the low-temperature 
form and therefore must be precipitated before trans- 
formation cam occur. 


IV. Suggested Mechanism of Chemical Inhibition 

In the low-temperature form, gamma, the calcium 
ion is “inactive” and as such is surrounded by six to 
eight oxygen atoms. When it assumes a more active 
form as network former in the beta lattice, it does so by 
a more intimate association of a part of the oxygen 
atoms already coordinated to silicon because no extra 
oxygen atoms have been supplied. The addition of 
small amounts of P atoms influences this coordination 

'?M. A. Bredig, “Isomorphism and Allotrophy in Com- 
of Type A:XO,,” Jour. Phys. Chem., 48, 747-64 


(1943) 
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competition inasmuch as it makes less demand for oxy- 
gen on the calcium than does the silicon and therefore 
favors the ambition of the calcium to achieve its low 
(4) coordination. The oxygen to calcium ratio is 
higher when the Ca;(PO,), is present than it is in pure 
CS. With this slight increase in available oxygen 
atoms, the calcium ion may be able to maintain its net- 
work-forming position and simultaneously to gather 
about itself encugh oxygen atoms to satisfy its coordina- 
tion requirement, whereas the calcium ion in the pure 
C,S could achieve this greater coordination only by 
abandoning its place in the alpha or beta network and 
dropping into an oxygen-bordered hole in a rearranged 
gamma lattice. Such reasoning would incline to the 
viewpoint that the P,O;-contaminated beta C,S is 
thermodynamically stable down to room temperature. 
Probably not all of the calcium enters the network of 
the beta C,S, and the introduction of phosphorus tends 
to augment the amount in the active role. 

In order to allow the beta C,S to invert, the phos- 
phorus must be exsolved or rejected because it is in- 
soluble in the gamma form. At the low temperature, 
the rate of exsolution is extremely slow and the inversion 
does not take place. Very little phosphorus is required 
in the lattice because of the strong influence that it 
exerts on the structure and because it is part of the net- 
work rather than a mere hole filler. In laboratory 
practice, 0.05 to 0.5% is required for inhibition, whereas 
much more is needed in commercial practice because of 
the poorer distribution obtained. The writer obtained 
best distribution by the use of a dilute phosphoric acid 
solution. Seil has included such a method in one of his 
patents on basic refractories.'* 

The case of arsenic (As**) and vanadium (V**) is 
similar to that of phosphorus (P**). The large-size 
antimony (Sb**) ion, however, does not fit into the 
lattice and therefore is not an effective inhibitor. A 
parallel case is found in the apatite structure into which 
P, As, and V can fit but in which Sb finds no place. In 
th : case of B,O;, which is present in the lattice as BO, 
units, the silicon-calcium competition for oxygen again 
is influenced, and the effect is similar but not identical 
to that of phosphorus. 

Chromium as a chemical inhibitor is not very ef- 
fective. It has a low solubility in C.S and its inhibition 
is not always dependable. The chromium possibly is 
there in a higher state of oxidation inasmuch as micro- 
chemical tests of chromium-contaminated preparations 
show traces of the chromate ion. Seil'* has charac- 
terized the inhibition of C,S by chromite; he states that 
the chromite must first be decomposed by some free 
lime before the Cr,O,; is available for the purpose of 
inhibition. 


V. Physical Inhibition 
In addition to purely crystal-chemical methods, in- 
hibition can be obtained by physical means. One of 
the best illustrations of purely physical inhibition is 


8G. E. Seil and Staff, ‘“Orthosilicates of Alkaline 
Earths with Special Reference to Use in the Refractory 
Field,” Jour. Amer. Ceram. Soc., 24 {1] 1-22 (1941). 
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the case of mercuric iodide,'* HgI», which has two forms 
that show a sluggish inversion, one to the other. When 
the low-temperature red form is heated to 125°C., it 
inverts to the yellow form. On cooling, the yellow form 
will persist for some time at room temperature unless 
disturbed or scratched, whereupon it inverts spontane- 
ously. Ifthe red form is dispersed, however, in Canada 
balsam and inverted to the yellow mercuric iodide, the 
inversion on cooling does not take place even when dis- 
turbed, that is, the yellow form is physically inhibited 
by the balsam. 

The balsam destroys the continuity of the phase by 
isolating particles of HgI, The inversion, moreover, 
takes place in wave fashion, starting at some indeter- 
minate point and proceeding as a wave throughout the 
whole body. When this inversic. wave is disturbed or 
interrupted as by the balsam film, the inversion is in- 
hibited. 

Calcium orthosilicate can be inhibited in the same 
way. During the series of tests made to determine the 
inhibiting effect of various oxides, it was noted that a 
preparation containing 1% of MoO, did not dust when 
fired to 1625°C. and quenched in air. Examination 
showed no change in refractive index and therefore 
probably no solid solution. When the preparation was 
reheated and allowed to cool in the furnace, it dusted 
immediately. The films of calcium molybdate sur- 
rounding the C,S grains bear direct analogy to the bal- 
sam film coating the mercuric iodide. The inversion 
must initiate at some flaw in the lattice at a point that 
is indeterminate as far as the observer is concerned. 
It then proceeds autocatalytically from grain to grain 
until the whole mass is inverted. In a large mass, there 
can be several points of initiation of inversion. The 
main requirements for inversion are continuity of phase 
and ability to make environmental adjustment. If by 
some means the continuity of phase could be destroyed, 
the inversion front must start anew for each grain. 
The other factor, environmental adjustability, concerns 
the ability to satisfy the physical requirements of the 
inversion such as the expansion. Imagine a grain of 
C.S isolated in a block of solid material that completely 
incloses it. To invert, the grain must expand against 
the surrounding material. No material could with- 
stand the enormous total pressure of the inverting grain; 
this pressure, however, is not developed instantaneously 
but rather progressively. The isolating medium must 
thus withstand the smaller inizial pressure that must be 
released before the inversion can proceed. 

Physical inhibition is therefore characterized by the 
isolation and constraint placed on the CS grain by the 
surrounding vitreous or crystalline material. The non- 
dusting character of commercial blast-furnace slag and 
cement clinker is an excellent example of physical 
inhibition. In neither case ordinarily are any true 
chemical inhibitors present. 

How can a differentiation be expressed between 
physical and crystal-chemical inhibition? In the case 
of crystal-chemical inhibition, a solid solution of the 


4 J. W. Mellor, Comprehensive Treatise on Inorganic 
and Theoretical Chemistry, Vol. IV, p. 901. Longmans, 
Green & Co., London. 


inhibitor in C,S is involved. Solid solution can be de- 
tected with the usual means, that is, by X-ray or petro- 
graphic examination. In the case of physical inhibition, 
the C,S is unaffected and would have normal optical 
properties and X-ray structure. These two types of 
inhibition may also be differentiated on the basis of 
amount of inhibitor required to stabilize and on the 
permanence of the preparation. A physically inhibited 
preparation would require more than 3% of inhibitor 
and in most cases 10%, whereas only 0.5% of a crystal- 
chemical inhibitor is required. The chemically inhib- 
ited preparation also defies inversion to the gamma 
phase in a reasonable time whereas the physically in- 
hibited preparation will eventually dust. The time re- 
quired to effect dusting of physically inhibited prepara- 
tions depends on numerous factors, most of which are 
indeterminate. 


Vi. Application to Refractories 


It was the plan of the writers to add new information 
to the refractory literature on lime and dolomite re- 
fractories and to provide an explanation for the behavior 
of C,S in refractories. This information can be used to 
discuss some of the data on C,S such as those recently 
published by Birch" and by Seil.'* 

Birch has described the dusting of various mixtures 
in the CAS system. He shows that those mixtures fal- 
ling in or near the C,S field of stability (that is, contain- 
ing a high percentage of C,S) dusted readily, whereas 
those mixtures containing a smaller amount of C.S 
were more or less volume stable. These data show that 
the dusting tendency of a body is a function of the C,S 
content. As the amount of C,S decreases in a series of 
bodies, the physical inhibiting effect of the other con- 
stituents increases and the extent of dusting is reduced. 

Seil'? has published a practical commentary on the 
behavior of C,S in certain systems, and he concludes 
that C.S can be stabilized physically (against dusting) 
and chemically (against hydration). It is his belief 
that there is a critical temperature above which C,S 
is inactive chemically (2990°F.) and another critical 
temperature above which it can be stabilized by P.O; 
(2600°F.). He infers that below these respective tem- 
peratures the C,S hydrates and dusts more readily. 
These data are of considerable interest from a practical 
refractory point of view, but from an equilibrium stand- 
point these critical temperatures have less meaning. 
The chemical instability at lower temperatures might 
well be a matter of the incomplete reaction of lime and 
silica and therefore would not refer to the C,S con- 
stituent. The rate of hydration is a function of 
particle size of the C,S formed and also of the com- 
pleteness of the reaction between lime and silica. 
From a practical point of view, as in a brick, the higher 
the firing temperature the more complete is the lime 
absorption and the more coarse is the crystallization of 
the C,S; the rate of hydration is therefore slower. 

The stabilization of C,S by P20; is also not a matter of 
temperature but rather of the attainment of the homo- 


16 R. E. Birch, “Phase Equilibrium Data in Manufacture 
of Refractories,” Jour. Amer. Ceram. Soc., 24 [9] 271-80 
(1941). 
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geneous distribution of the inhibitor. From a practical 
point of view, therefore, as in brick made by a single- 
fire process, the higher the temperature the more suc- 
cessful the distribution of P,O; through the grains and 
the better the inhibition. 


Vil. Conclusions 

From the refractories standpoint, the present survey 
in the literature and the findings in the laboratory may 
be summarized as follows: 

(1) Thestability of C,S in refractories can be achieved 
most effectively by crystal-chemical methods. The 
writers have been able to add two new oxides, As,O; 
and V,05, which inhibit the beta-gamma inversion. 
The addition of 1% of BzOs, As:Os, or as the 
oxides or the calcium salt will provide crystal-chemical 
inhibition if the addition is dissolved in the C,S lattice 
by sufficient heat-treatment and if the addition is ade- 
quately distributed. Chromium oxide, added either as 
the oxide or as chromite, is a less effective chemical in- 
hibitor. 

(2) Inhibition can also be achieved by purely physi- 
cal means provided enough compatible crystalline or 
vitreous material is admixed with the C.S so that the 
C.S grains are isolated. This inhibition is much less 
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efficient and probably is effective only in the case of 
bodies of relatively low C,S content. 

(3) The mechanism of crystal-chemical inhibition of 
the beta to gamma inversion involves the preservation 
of a part of the calcium atoms in a low coordination 
(that is, with 4 instead of 8 oxygen ion neighbors) in the 
CS lattice. This inhibition depends on the solid solu- 
tion of certain acid oxides in the high-temperature beta 
lattice, their insolubility in the low-temperature lattice, 
and their sluggish exsolution or precipitation from the 
beta form. The active role of these network calcium 
atoms in the high-temperature lattice contrasts strongly 
with the inactive role of the calcium atoms in the unin- 
hibited low-temperature gamma lattice. 

(4) Physical inhibition depends on the isolation and 
constraint placed on the C,S particles by interstitial 
material surrounding the grains. 
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MODULAR SIZE OF CLAY-PRODUCTS UNITS* 


By Harry C. PLumMMER AND E. F. WANNER 


ABSTRACT 


In ceoperation with the Modular Service Association, studies have been made during 
the past two years on present unit masonry sizes as used in conventional building con- 
struction and their adaptability to a coordinated system. It was found that a signifi- 
cant relationship exists between present unit sizes in height, thickness, and length and a 
4-in. modular dimension. There is little consistency, however, in the assembly of these 
units in similar or composite walls and far less in the coordination with component 


building materials and equipment. 


Recommendations are made for single masonry units based on whole multiples of four 
inches with consideration given to the various joint thicknesses. Methods are shown for 
relating unit sizes in fractional multiples of four inches plus mortar joints to the grid 
pattern. Suggestions for standardization of unit sizes are proposed to obtain maximum 
simplification and corresponding economy to meet postwar construction requirements. 


|. Preface 


In the opinion of many informed observers, archi- 
tects, contractors, and manufacturers, the standard 
size of postwar building materials will be modular and 
an increasing number of buildings will be built from 
modular designs. Already separate groups of clay- 
products manufacturers marketing in the metropolitan 
New York area have agreed in writing to furnish modu- 
lar-sized units for postwar construction and A. G. Lori- 
mer, Chief, Bureau of Architecture, Department of 
Public Works, New York City, acting on this assurance 
is designing a large part of New York’s $625,000,000 
public works program to take advantage of the econo- 
mies obtainable through the use of modular products. 

* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 1943 


{Steeles Clay Products Division). Received June 26, 


(1943) 


The purpose of this paper is to review the activities 
that led to the formation of the American Stand- 
ards Association Committee A62 for the Coordination 
of Dimensions of Building Materials and Equipment, 
to report to the clay products industry on the activities 
of this Committee insofar as they affect clay products, 
and to propose sizes of clay-products units for considera- 
tion as standards. 


ll. Historical Review 

The coordination of the dimensions of building ma- 
terials and parts so that they can be assembled during 
field erection with a minimum of cutting or alteration 
has long been the dream of those who have made a seri- 
ous study of the problem of reducing construction costs, 
and only the multiplicity of parts and the diversity of 
interests involved have prevented its accomplishment 
long ago. Building designs, based on the use of such 
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materials, have been variously referred to as modular, 
rational, coordinated, or perhaps by similar descriptive 
terms. 

Although many persons have recognized the im- 
portance to the construction industry of coordinating 
the dimensions of building materials and of correlating 
building plans with such dimensions, probably the most 
exhaustive study of the subject, judged from pub- 
lished reports, was made by Albert Farwell Bemis and 
associates of Boston, Mass. The results of this study 
are presented in Volume III, Rational Design,' of the 
three-volume work, The Evolving House, published dur- 
ing the three-year period, 1933 to 1936. In Rational De- 
sign, Bemis suggests a cubical module as the basis for 
design and develops a method for establishing standard 
assembly details and a simplified drafting technique 
in which all dimensions are referenced to a modular 
grid. The author states, ‘Fifteen years of study, 
thought, research, and experiment have established for 
me the soundness of this elementary approach to build- 
ing structure—the cubical modular conception.” 


In the field of masonry, Frederick Heath, Jr., is the 
most outstanding and the most outspoken proponent of 
modular masonry. As early as 1923, he was preaching 
the modular doctrine, and he has consistently recom- 
mended that dimensions of masonry units be fixed in 
relation to a standard mortar joint thickness for each 
type of unit, thus making it possible to standardize 
masonry dimensions. As an example, his recommended 
nominal dimensions for standard brick (brick and mor- 
tar joint) are 8 in. in length, 4 in. in width, and 2?/; in. 
in thickness (three courses in 8 in.); for brick laid up in 
'/,-in. joints, the actual brick dimensions would be 
7'/2 by 3'/2 by 2'/gin. Heath has written and spoken 
extensively on the subject of masonry dimensions, and 
his papers? still represent the advanced thinking on this 
subject. 

During the past twenty years, considerable progress 
has been made in the field of standardization through 
the work of the Simplified Practice Division of the Na- 
tional Bureau of Standards, the American Standards 
Association, the American Society for Testing Materi- 
als, and other organizations; and, although this work 
has greatly reduced the number of sizes of various build- 
ing units, it has been concerned mainly with specific 
materials rather than with the finished structure, and 
there has been little or no coordination of the dimensions 
of different products. 

A few attempts have been made toward the coordina- 
tion of individual standards. Perhaps the most sig- 
nificant prior to 1938 insofar as masonry is concerned 
was the work of the National Masonry Opening Com- 
mittee with Leroy E. Kern of the American Institute 
of Architects as Chairman. This Committee met in 


1A. F. Bemis, The Evolving House, Vol. IIT, Rational 
Design. Technology Press, Massachusetts Institute of 
Technolozy, Cambridge, Mass., 1936. . 

2(a) Frederick Heath, Jr., ‘‘Standard Unit of Dimen- 
sion for Masonry,” Jour. Amer. Ceram. Soc., 12 [10] 605- 
63 (1929); (5) ‘Modular Masonry,” Bull. Amer. Ceram. 
Soc., 16 [1] 17-20 (1937). 
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1929 for the purpose of coordinating the basic dimen- 
sion of stock building materials and concluded that 
standard brick sizes should be changed to 2'/; by 4 by 
8'/, in., which, when laid up with '/,-in. joints, would 
give wall dimensions of 3 by 4'/, by 9in. The economy 
of this proposal was open to question because of the in- 
crease in thickness of masonry walls from 8 to 8'/, in. 
and from 12'/, to 13 in. This fact, coupled with the 
manufacturing problems involved in producing a brick 
so much larger than the current standard, resulted in 
the rejection of the proposal by the brick industry. 

The failure of the efforts just enumerated, as well as 
others, to make substantial progress in the coordina 
tion of building materials seemed to indicate that ef- 
fective coordination could be accomplished only 
through an industry-wide effort in which all fac- 
tors of the construction industry, designers, builders, 
and manufacturers would participate. Believing this 
to be true, Alan C. Bemis, son of the late Albert Far- 
well Bemis, proposed such an effort in 1938 and, ir. sup- 
port of the movement, offered the services of the Modu- 
lar Service Association, organized and supported ini- 
tially by the heirs of Albert Farwell Bemis for research 
in the field of modular standards. Mr. Bemis suggested 
that the American Standards Association, through its 
sectional committee procedure, undertake the develop- 
ment of coordinated standards for materials and con- 
struction, and in September, 1938, the American Stand- 
ards Association held a well-attended conference of 
producers and users of building materials to consider 
this proposal. 

The conference agreed that the Bemis plan pointed 
the way to the first comprehensive study of the problem 
of coordination on an industry-wide basis and unani- 
mously recommended to the American Standards As- 
sociation that a project on Modular Standards be es- 
tablished and that the American Institute of Architects 
and the Producers’ Council be invited to serve as joint 
sponsors for the project. Each of these organizations 
acted favorably on this recommendation, and, early in 
1939, ASA Project A62 for the Coordination of Dimen- 
sions of Building Materials and Equipment was ini- 
tiated under Sectional Committee A62. 


lil. Purpose of Coordination 


The writers will not attempt in this paper to elaborate 
the need for coordination in the building industry 
or the advantages to be gained thereby. Essentially, 
coordination means the production of building materials 
and parts that fit and that can be assembled on the site 
without cutting or alteration. When compared with 
the present method of cutting and patching on the job 
with its inevitable yet unjustifiable waste, the need and 
the advantages of coordination would seem to be ob- 
vious. The fear, however, has been expressed that co- 
ordination with the accompanying standardization of 
building parts would so limit the flexibility permitted 
the architect in design that individuality and variety 
in layout and appearance would be prevented and the 
result would be a series of standard structures. This is 
by no means true, a fact recognized by all proponents 
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of coordination. Architect A. Lawrence Kocher states 
in his introduction to Rational Design,’ 


Any new system of construction, to justify its accept- 
ance, must (1) promote flexibility and improvement in 
plan layout and (2) provide economy and efficiency in the 
production, assembly, and use of structural units. 


The purpose of coordination is to take advantage of 
the economies obtainable through mass production, 
but, at the same time, to retain the flexibility essential 
to continuing improvements in design. Regarding this 
phase of the question as it affects housing, Bemis makes 
the following statement in Rational Design’: 

The reorganization that housing needs—and the re- 
design of structure here presented—is not a change of 
process. It does not suggest merely transferring to the 
shop what was previously done in the field. The parts of 
the house must be given the new forms and features re- 
quired for versatility of design, economical mass produc- 
tion, and ready field erection. 

What, then, do we mean by mass production in the 
housing industry? Not mass-produced raw materials; 
we have them now. Not mass-produced houses, fabri- 
cated entirely in factories, for the house as an entity is not 
adapted in bulk or weight to manufacture in a shop or to 
transportation and erection at a distance. Nor does a room 
unit answer the requirements. A smaller unit, both of de- 
sign and structure, must be found in some further sub- 
division of the composite house. 

Even in a civilization where the individual more and 
more demands what others have—and in the same shape, 
size, and color—mass production in the building industry 
need not mean houses identical in plar or appearance. 
In the case of the automobile, similarity of appearance has 
been the desired as well as the logical result of mass pro- 
duction. But the house continues to be the oasis of in- 
dividualism, and it is to be hoped that we may never see 
the day when every man’s dearest wish is to pick out from 
a catalogue a home that looks exactly like his neighbor's. 
In order that individuality of demand may continue—and 
be fostered among the lower-income groups—the principles 
of mass production must be applied not to the com- 
pleted house but to standardized units for it—to the ele- 
ments of structure that may be assembled to form any 
house. When standardized parts for the house are uni- 
form and interchangeabie, even between different sys- 
tems, they can be so assembled as to permit variety both 
in plan and appearance, and they certainly can be mass- 


produced. 
IV. Definitions 
As previously indicated, coordination may be de- 
fined simply as the dimensioning of building units so 
that they will fit together and the use of building di- 
mensions that are consistent with the coordinated unit 
sizes. Writers on the subject, however, have de- 
veloped a technical terminology which may be corfus- 
ing to some, and it may be well at this point to define 
certain terms, particularly those used by Committee 
A62 in the statement of standards. 
Module: Defined in modern dictionaries as ‘a term 


*A.Lawrence Kocher, Rational Design. Technology 
Press, Massachusetts Institute of Technology, Cam- 
bridge, Mass., 1936. 
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used in architecture to designate an arbitrary unit of 
measurement on which to base the proportions of an 
order or the entire edifice. Architects have usually ac- 
cepted either the diameter or half diameter of a column 
at the base of a shaft as a unit or module for the order.” 

The use of such a linear module in building design 
is as old as architecture itself, but its application has 
been architectural, to obtain good proportions, rather 
than structural. When used structurally as a means of 
coordinating the dimensions of building materials and 
correlating building plans with such dimensions, the 
module becomes a single unit of measure which is used 
as a common basis for establishing the approximate di- 
mensions of buildings and parts of buildings. The ac- 
tual dimensions of building units or assemblies of build- 
ing units depend on the module and assembly details 
for joining or combining parts in buildings. 

Dimension: Linear measure, such as length, width 
or thickness. 

Size: Volume measure, which may be expressed as 
the product of three dimensions, or an area measure, 
which is expressed as the product of two dimensions. 

Building Part: A piece or unit of building material 
or an item of building equipment. 

Detail: A drawing showing the dimensions for a 
particular building part or assembly of parts. 

Assembly Detail: A drawing showing the details 
and method of joining or combining building parts; 
either a construction detail, which shows assembly of 
structural parts or materials, or an installation detail, 
which shows the method of installing building parts 
such as doors, windows, and building equipment. 

Dimensional Coordination: A relationship between 
the sizes and dimensions of building parts that will 
permit their assembly during field erection with a mini- 
mum of cutting or alteration. 

Correlation of Building Plans: The layout of build- 
ings with dimensions that are consistent with the co- 
ordinated sizes and dimensions of building parts. 

Correlation of Assembly Details: Assembly details for 
coordinated sizes and dimensions of building parts that 
are consistent with the dimensions of correlated build- 
ing plans. 

Dimensional Increment: The amount of increase or 
decrease in any one dimension of a building part or of 
the building. 

Standard Module: A unit of 4 inches used as a 
standard dimensional increment and as spacing in the 
standard modular grid. 

Standard Grid: A single system of rectangular three- 
dimensional coordinates to which all building dimen- 
sions and details are referred. The grid spacing is the 
standard module (4 inches). 

Modular Detail: An assembly detail, referenced and 
dimensioned to the standard grid. 

Modular Plan: The layout of a building in plan, 
elevation, and section referenced to the standard grid. 

Grid Line: A line of the standard grid. 

Grid Dimension; A dimension between parallel grid 
lines on a modular plan or modular detail. 

Standard Modular Products: Building parts, the 


, 


FIRST FLOOR PLAN 


sizes and dimensions of which are established by appli- 
cation standards. 

Application Standard: A standard which conforms 
to and supplements the American Standard Basis for 
the Coordination of Dimensions of Building Material 
and Equipment and which establishes coordinated di- 
mensions and sizes for standard modular products or 
methods for using standard modular products. 

Correlated Building Plans: An example of the grid 
layout of a building is shown in Fig. 1 (A) through (D). 
This figure illustrates the method whereby dimensional 
coordination is applied to a housing project. The en- 
larged first floor plan (Fig. 1 (C)) and front elevation 
(D) show wall and partition thicknesses, window and 
door openings, room sizes, and over-all outside dimen- 
sions in multiples of 4 inches. These grid dimensions 
coincide with the 4-in. grid spacing and are related to 
the actual dimensions as required by tolerances and 
other characteristics of the composite materials for 
shop and field assembiy and erection. 


V. Committee A62 Standards 


The scope of ASA Committee A62 as defined by the 
American Standards Council is “the development of a 
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Fic. 1.—Coordination applied to housing project; example of nominal layout of a building; (A) air view; (B) typical 
floor plan; (C) first floor plan; (D) front elevation. 


basis for the coordination of dimensions of building ma- 
terials and equipment and the correlation of building 
plans and details with such dimensions.” The Sec- 
tional Committee plans to establish a basis for coordina- 
tion and standard sizes of materials and equipment 
through a series of standards, consisting of a basic 
standard that will fix the basis for coordination and 
correlation, a basic masonry standard establishing a 
method of determining masonry unit sizes and of de- 
veloping assembly details for doors, windows, or other 
building parts that must be fitted to the masonry, and 
application staudards conforming to the basic standards 
and supplementary thereto, which establish sizes of 
building materials and equipment. 

The work of the Committee is carried on by subcom- 
mittees representing different building materials, and 
the first task undertaken by these committees was a 
study to determine the size of the unit or module that 
should be used as a basis for coordination and correla- 
tion. After an exhaustive study of the subject extend- 
ing over a period of several years, it was agreed that a 
4-in. module or increment should be selected as the unit 
affording the maximum practical standardization and 
simplification and at the same time allowing sufficient 
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Fic. 2 (A).—Four-in. grid layout; upper, applicaticm of 
4-in. increment; /ower, increment applied horizontally and 
vertically (see also Fig. 2 (B)). 


flexibility in design. The summary of the studies which 
led to this conclusion are contained in the brochure, 
ASA Project A62, issued by the Executive Committee 
of A62 with the assistance of the Modular Service As- 
sociation under date of August, 1941. 

Since that time, work has progressed on the develop- 
ment of standards. At the present time, a proposed 
American Standard Basis for the Coordination of Di- 
mensions of Building Materials and Equipment and a 
proposed American Standard Basis for the Coordina- 
tion of Masonry are ready for submisiion to the Sec- 
tional Committee. 


VI. Basis for Coordination 
_ As previously indicated, the basic standard estab- 
lishes the basis for coordination and correlation. The 
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ment, that is, successive sizes of windows or doors in- 
crease in height or length by 4 in. or multiples of 4 in. 

The application of this increment is shown in Fig. 2 
(A) and (B). At the top detail (Fig. 2 (A)), the 4-in. 
increment, indicated by the symbol, M, is applied to 
window openings. Three different widths are shown 
successively larger by the module of 4 in. The frame 
width, 5, is a constant value determined by the 
type of window; in general, for wood frame windows 
and some steel windows with wood surrounds, this is 
fixed at 2 in. for jambs and 2*/;. in. for heads to com- 
pensate for the supporting lintel. 

The lower detail shows the 4-in. module applied 
vertically and horizontally in plan, elevation, and 
section. Various openings are indicated in multiples 
of 4 in. together with their position on the 4-in, grid 
layout with respect to floors and corners. The di- 
mensions of buildings are similarly based on the 4-in. 
dimensional increment. This means that instead of 
dimensioning windows to fit brick masonry, for in- 
stance, both the windows and the masonry are dimen- 
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sioned on the basis of the 4-in. increment, as illustrated 
in Fig. 2 (B) by the enlarged jamb detail circled on the 
4-in. layout plan above. Dimensions and position in 
relation to the grid lines are established for the 
masonry, window frames, and openings. When 
buildings are similarly dimensioned, both coordination 
and correlation exist. 

To obtain coordination in masonry, an adjustment 
must be made in unit sizes with proper allowance for 
mortar-joint thickness so that an assembly of units 
will be a multiple of 4 in. Front and side views of a 
modular unit are shown in the top left position of Fig. 3 
as indicated; the actual unit differs from the nominal 
unit in each dimension by the amount j or the 
joint thickness. The corner details on this drawing 
illustrate this unit in position on the 4-in. grid lines. 
The interval, '/,7, is shown from the face surface to the 
grid line and the distance, j, or full joint thickness be- 
tween adjacent units. The variation between actual 
and grid-wall lengths is also indicated, the latter being 
designated with the conventional half arrow represent- 
ing grid dimensions for height, length, and thickness. 

The position of masonry walls with respect to the 
grid lines is shown in Fig. 3 for walls, 4 and 8 in. thick, 
and also for odd nominal widths of 3 and 6 in. The 
centered position is shown for the 3-, 4-, and 8-in. 
thicknesses, whereas the 6-in. thickness is shown in 
the offset position. 

To illustrate the flexibility of a proposed modular 
shape, referred to as a “square end”’ unit, nominally 4 
by 4 by 8 in. in dimensions, an assembly of four units 
is shown in the lower right corner of Fig. 3. In plan, 
elevation, and section, the dimensional relationship 
exists for complete coordination. 

Wall sections at the top of Fig. 4 show the height 
flexibility that may be obtained with both modular 
and supplementary unit heights. At the left, nominal 
units are shown in 4-, 8-, and 12-in. heights with all 
bed joints coincident with grid lines. It is apparent 
that maximum flexibility can be obtained with the 4- 
in. high unit where the joints occur in each successive 
4-in. interval. At the right, supplementary units are 
shown in which a series of two, three, or four units are 
required to place the bed joint on a grid line at regular 
intervals. With a slight change in size of mortar joint, 
the present brick height of 2'/, in. may be adjusted so 
that three units with the mortar joints wi!l be exactly 
8 in. high, placing a bed joint on alternate grid lines. 
The present 5-in. high tile units may be adjusted simi- 
larly so that three units in height, including the mor- 
tar joints, are equivalent to 16 in. With this size, 
however, the bed joint coincides with the grid line only 
every fourth 4-in. grid interval. Two proposed coordi- 
nated heights are also shown, nominally 3 and 6 in. 
Both types permit layout flexibility in 12-in. intervals. 

Combination walls of brick and tile backup construc- 
tion are suggested from the following unit height corre- 
lations. 

The present standard lengths of masonry units are 
8, 12, and 16in. When the mortar joint is added to these 
actual lengths, an odd dimension results which accumu- 
lates in a series or run of units, usually to a total in- 


(1943) 


Modular Size of Clay-Products Units 


Nominal height (in.) 


No. of units Exterior Backup 
2 
3 2?/; 8 
2 3 6 
4 3 12 
2 4 8 
3 4 12 


volving fractions. These totals are seldom coordinated 
with window and door frames and rarely with each 
other, notably when two or more different unit lengths 
are used in the same wall. 

The actual length of modular units will differ from 
the nominal length by the thickness of the recom- 
mended mortar joint. Total lengths in a series of 
units will generally be a multiple of 4 in., although in 
some cases with standard auxiliary lengths as required 
for jamb reveals, etc., the total length may be a mul- 
tiple of 2 in. This possibility also occurs with 12-in. 
units laid in 6-in. center bond, as shown in the lower 
left detail of Fig. 4, where the joint in alternate courses 
occurs in the center of the 4-in. grid lines. 

As noted in the other length flexibility details, the 
8-in. length in center bond, the 12-in. length in one- 
third bond, and the 16-in. length in quarter and also in 
center bond (not shown) have the mortar joints coinci- 
dent with the grid lines. An example of the height and 
length flexibility of the nominal 2*/;-in. high units is 
also shown in the lower right corner of Fig. 4. Verti- 
cally, case A is shown with the mortar joint on the grid 
line, whereas the grid line is centered on the mid unit 
in case B. As indicated at the top course, a joint 
may be provided vertically at case B by placing the 
unit on edge in rolok header position. Horizontally, 
cases A and B are obtained in alternate stretcher 
courses from the regular bond pattern. With the header 
bond course, a three-quarter length unit is required 
at the end of the run for either case A or B. 


Vil. Basis for Coordination of Masonry 
The purpose of the general masonry standard is out- 
lined in the preface to the proposed standard as fol- 
lows: 


This standard conforms to the Proposed American 
Standard Basis for the Coordination of Dimensions of 
Building Materials and Equipment, A62.1, and supple- 
ments it by establishing general methods for the coordina- 
tion of masonry. 

The coordination of masonry involves certain methods 
which apply to all masonry products but not usually to 
other structural materials. The successful coordination 
of different masonry products, facilitating their use in 
various combinations and with layout dimensions corre- 
lated with their unit dimensions, both horizontally and 
vertically, is in itself an important objective. This stand- 
ard establishes principles which apply to and are sufficient 
for the coordination of masonry products. 


The coordination of different masonry products is 
shown in Fig. 5 in large-scale plan and section. -In the 
top right position, an 8-in. wall is shown illustrating a 
two-unit wall with one wythe of units designed for 
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1/,in. joints and and the other wytke of units with 
*/,-in. joints. As indicated, the center or collar joint 
is "/ im. thick, being the average joint thickness of 
the adjacent units. A better example of this coordi- 
nation is shown in plan and section of the 10-in. wall 
containing three different types of masonry units. The 
exterior units, designated with the shaded lines to rep- 
resent brick, are shown with */s-in. joints. In the 
center wythe, cross sectioned to indicate structural 
tile, '/:-in. joints are shown, whereas the inside fac- 
ing of glazed tile is laid with */,-in. joints. The full 
coordination between units is particularly apparent in 
the sectional view, showing the exterior header and 
the interior glazed Sond units. The structural tile 
backing unit is shown only 4 in. in nominal height but 
this would probably be 8 or 12 in. in nominal height, re- 
taining the full coordination indicated. 

In the top row of Fig. 6, a method of indicating stand- 
ard boundaries is shown for two head, jamb 
and sill conditions, designated as shown. For example, 
J8-2 indicates the No. 2 jamb profile for an 8-in. wall 
thickness. The center row of details of Fig. 6 shows the 
masonry construction details for the correspondiig pro- 
files above. The number of construction details for 
each masonry profile is determined by the type and size 
of masonry units desired. — 

Installation details are shown at the bottom of Fig. 6, 
combining the masonry construction detail with various 
types of modular dimensioned window frames. 

As previously indicated, the application standard 
for clay products establishing dimensions, sizes, and 
tolerances must conform both to the basic standard and 
the masonry standard and, as provided in the basic 
standard, must afford 4-in. flexibility for building lay- 
out. . 


Vill. Size of Clay-Products Units 

The present sizes of clay-products units are influenced 
to a great extent by the size of standard brick. Prior to 
the extensive use of facing tile both for exteriors and 
interiors, tile was used chiefly as a backup material 
for brick or stone, as a base to receive plaster or stucco, 
or in floors and as fireproofing. Sizes, particularly 
heights of backup units that must be bonded to the 
facing, were naturally fixed in relation to brick sizes, 
which resulted in the 5- and 7*/,-in. high units. With 
improvements in the manufacture of tile and its in- 
creased use as a facing material, these backup-unit sizes 
were continued, and the popular facing-tile sizes are 
5 by 8, 5 by 12, 8 by 12, and 8 by 16 in. 

It would be interesting to trace the development of 
brick sizes to discover the factors that dictated the 
present dimensions. Fred Heath has traced the de- 
velopment of the present American standard from 1886, 
when the National Brick Manufacturers Association 
adopted a standard size of 8'/, by 4 by 2'/, in. This 
size was reaffirmed in 1889, and a further brick size of 
8°/, by 4 by 2°/s in. was included in the standard. In 
1899, the Association reaffirmed the sizes adopted in 
1889 and added two additional sizes, Roman brick 12 
by 4 by 1'/:in. and Norman brick 12 by 4 by 2°/sin. In 
1918, the minutes of the National Brick Manufacturers 
Association read. 
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In 1918 this matter again came before the attention of 
the N.B.M.A. convention and for the reason that the 
American Face Brick Association has a standard size for 
face brick and the Paving Brick Association had done like- 
wise, the following sizes were adopted in that year: com- 
mon brick, 8 by 2'/, by 3*/, in.; face brick, 8 by 2'/, by 
3*/, in.; and paving brick, 3 by 4 by 8'/¢ in. 


In June, 1923, the Division of Simplified Practice of the 
National Bureau of Standards established the present 
standard sizes, namely 8 by 2'/, by 3*/, in. for common 
and rough face brick, and 8 by 2'/, by 37/s in. for 
smooth face brick. 

For facing material, either brick or facing tile, it is 
important that the unit have good proportion. Al- 
though most persons will admit that some proportions 
are better than others and many persons recognize good 
proportions when they see them, they are not always 
familiar with the rules for obtaining these proportions. 

Architect Ernest Flagg, one of the pioneers of this 
country in the improvement of the small house design, 
used a module extensively, both architecturally and 
structurally. Mr. Flagg was a student of Greek archi- 
tecture and he states in one of his articles,‘ 

It is characteristic of the genius of the Greeks that of all 
systems of proportion the one used was the very simplest 
that can be devised, its basis being a square.... They 
doubtless reasoned that if one square has perfect propor- 
tions, two squares in juxtaposition, giving the ratio of 1 to 
2 should also have it. From this to other simple ratios 
was but a step; if 1 to 2, why not 2 to 3, 3 to 4, and so on 
as far as the eye can subconsciously act—manifestly not 
far. Therefore all proportions of breadth to length, breadth 
to height, and height to length must be very simple. If 
complicated, as, for instance, 11 to 15, it is useless, for, as 
it cannot be grasped by the eye, it can produce no effect on 
the mind. 

In other words, according to Flagg’s theory, good 
proportions are simple ratios of height to length which 
can be comprehended by the eye, and the simpler the 
ratio the better the proportion. 

On this theory, proportions of 1 to 1, 1 to 2, and 1 to 
3 are better proportions than 3 to 8 or 5 to 8. The 
nominal brick dimension for modular masonry would 
be 2?/; by 8 by 4, which gives a face dimension ratio of 
1 to 3. According to Flagg’s theory, this proportion is 
much better than a nominal 5-in. unit which would give 
a proportion of approximately 1 to 1'/, for the 5- by 8- 
in. face size and 1 to 2'/, for the 5- by 12-in. face size. 

As indicated by the sill details in Fig. 6, certain 
height conditions require a 2-in. flexibility, which is 
typical of most wood frame windows, and provision for 
this flexibility must be made either in the actual sill di- 
mension or in the masonry. In addition to sill heights, 
there are other locations where both the 4-in. and 2-in. 
flexibility are required; for example, in special cases at 
door and window heads, at spandrel beams, and at the 
floor- and roof-bearing courses. Figure 7 shows the 
various methods whereby 4- and 2-in. height flexi- 
bility is acquired in the various proposed nominal modu- 
lar unit heights. 


‘Ernest Flagg, “Basis of Greek Design,’’ Architecture, 
September, 1930. 
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The transition period from current standard sizes to 
modular sizes would seem to be an opportune time for 
the facing tile industry to discard the influence of brick 
and backup units on facing tile and to develop units 
based on sound proportioning. The following unit sizes 
of facing units are suggested for consideration. The 5- 
in. unit is included in this list (nominal height 5'/; in.), 
but it is believed that if other units of better propor- 
tion are made available, the demand will decrease for 
the 5-in. unit as a facing material. 


TABLE I 
NoMINAL Unit Face Sizes 
(For actual unit size, deduct thickness of mortar joint 
from each dimension) 


Proportion 
Height (in.) Length (in.) (height to length) 
8 1:3 
3 8 1 :22/; 
4 8 1:2 
4 12 1:3 
4 16 1:4 (auxiliary) 
Ss 1:1! 2 
12 1:2'/, 
6 12 1:2 
8 8 1:1 
8 12 1:1'/2 
8 16 1:2 
12 12 1:1 


All units are shown graphically in the 4-in. thickness, 
and, except for the brick-size units, all heights will be 
furnished in an 8-in. nominal thickness and a few possi- 
bly in the 12-in. thickness. Nominal 3- and 6-in. 
thickness units will also be available and perhaps 
others as desired within certain manufacturing limita- 
tions. 

In the upper left corner of Fig. 7, the basic 4-in. 
modular height unit is shown which provides 4-in. 
flexibility in each course. The 2-in. flexibility is ob- 
tained either with a nominal 2-in. “flat” or split unit or 
the auxiliary three-quarter length unit may be placed 
on end as indicated in detail B. It is noted for this 
unit height that only one special size is required for 
maximum flexibility. 

The 8-in. modular height unit requires 4- and 6-in. 
auxiliary heights, and the 12-in. unit height will require 
4-, 6-, and 8-in. heights. With the proposed brick 


sizes, 2?/;- or 3-in. unit heights, the 4- and 6-in. 
and 4- and 8-in. fractional heights are required, 
respectively. The required flexibility in the brick 
sizes may be obtained as indicated with headers or full 
and three-quarter height soldier courses of the typical 
unit. 

The fractional sizes required to obtain 4- and 2-in. 
flexibility with 5'/;-in. unit heights are shown at the 
bottom of Fig. 7. At least three and preferably four 
auxiliary sizes are required. The architect or designer, 
of course, must recognize the limitations of certain sizes 
in their modular flexibility. When these sizes are de- 
sired, the proper selection of openings, floor and build- 
ing heights, etc., will eliminate many of the fractional 
sizes required. 

The modular system will not replace the architect, 
engineer, or designer. Much of the detail work will 
be simplified, but the design, selection of sizes, and 
equipment will remain as heretofore. 

At the top of Fig. 8, the basic stretcher units and pro- 
posed auxiliary shapes are shown in actual dimension 
for the suggested “‘square modular unit, nomi- 
nally 4 by4by8in. Three different types or possibly 
grades or quality of product are shown. To conform 
with the modular system of constructiou, average mor- 
tar-joint thickness will be standardized for the various 
types of material. 

Several application details are also shown in Fig. 8, 
illustrating the use of the basic stretcher unit in the 
standard header, rolok, and side positions. The utiliza- 
tion of auxiliary shapes and sizes is also indicated. 
With standardization restricting the size and number of 
shapes, it is reasonable to predict that additional econ- 
omy in construction will result when these supplemen- 
tary shapes as required are shipped to the job. 
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Starting September 9th, your Government will conduct the 
greatest drive for dollars from individuals in the history of the 
world—the 3rd War Loan. 


This money, to finance the invasion phase of the war, must 
come in large part from individuals on payrolls. 


Right here’s where YOUR bond selling responsibilities 
DOUBLE! 


For this extra money must be raised in addition to keeping the 
already established Pay Roll Allotment Plan steadily climbing. 
At the same time, every individual on Pay Roll Allotment 
must be urged to dig deep into his pocket to buy extra bonds, 
in order to play his full part in the 3rd War Loan. 


Your now doubled duties call for these two steps: 
1. If you are in charge of your Pay Roll Plan, check up on 


it at once—or see that whoever is in charge, does so. See 
that it is hitting on all cylinders—and keep it climbing! Sharply 


Bond Selling Responsibilities 


Double! 


increased Pay Roll percentages are the best warranty of sufh- 
cient post war purchasing power to keep the nation's plants 


(and yours) busy. 


2. In the 3rd War Loan, every individual on the Pay Roll 
Plan will be asked to put an extra two weeks salary into War 
Bonds—over and above his regular allotment. Appoint your- 
self as one of the salesmen—and see that this sales force has 
every opportunity to do a real selling job. The sale of these 
extra bonds cuts the inflationary gap and builds added post- 
war purchasing power. 


Financing this war is a tremendous task—but 130,000,000 
Americans are <oing to see it through 100%! This is their own 
best individual opportunity to share in winning the war. The 
more frequently and more intelligently this sales story is told, 
the better the average citizen can be made to understand the 


wisdom of turning every available loose dollar into the finest 
and safest investment in the world—United States War Bonds. 


BACK THE ATTACK i With War Bonds! 


This Space is a contribution to victory today and sound business tomorrow by Journal of The American 


Ceramic Society. 
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